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Chapter 1
Introduction
1.1 A brief history of photovoltaics
The first photovoltaic device was created in 1839 by Edmond Becquerel, by com-
bining an acidic silver chloride solution with platinum electrodes. He found that
this device produced current when illuminated, thereby identifying the photo-
voltaic effect. In the following century the photovoltaic effect was studied on a
small scale, but it took until the mid 1950s before the first modern semiconduc-
tor based photovoltaic devices were reported [1, 2]. With efficiencies around 6%
these first solar cells were far too inefficient and expensive to be of much interest
for terrestrial applications. However, a niche application was found in the first
satellites, where reliable and durable energy sources were required. Hence the first
real life application of solar cells was on the Vanguard I satellite in 1958 [3]. In
the meantime scientists started to develop the theoretical framework for solar cell
operation, predicting maximum efficiencies that can be obtained and theoretical
concepts that may enhance the solar cell efficiency [4–7].
During the 1960s and early 1970s the space community remained the driving
force for photovoltaic research. The data from the early space missions added
new challenges to device design, with the discovery of radiation belts and harsh
UV irradiation. Solar cell research for space applications was directed towards
obtaining higher efficiencies, improving radiation hardness and improving stabil-
ity. Crystalline Silicon (c-Si) solar cells received most of the attention, although
thin-film technologies such as CdTe [8] were also investigated. As such thin-film
cells offer a potentially higher power to weight ratio (in space terms referred to
as specific power, W/kg) and lower cost ($/W). The interest for the terrestrial
application of photovoltaics was sparked by a number of oil crises in the early
1970s, which resulted in the funding of solar cell (and other renewables) research.
For terrestrial applications cost reduction and (large scale) manufacturability were
the most important issues to be addressed. Although c-Si remained the solar cell
material of choice, reports of thin-film amorphous silicon (a-Si), Cu(In, Ga)Se2
(CIGS) and CdTe cells were received with interest by both the space and terres-
trial communities.
Eventually the growing power demands of satellites caused the space commu-
nity to investigate the potential of III-V multi-junction solar cells, with the added
bonus of a better radiation resistance for the III-V materials. Initially GaAs
cells on Germanium substrates were used. Soon followed by InGaP/GaAs dual
junctions and InGaP/(In)GaAs/Ge triple junctions, the latter being the current
benchmark for space applications. These latter cells are also of interest for appli-
cation in terrestrial concentrator photovoltaics (CPV), where mirrors and lenses
are used to concentrate the sunlight on a small solar cell. Therefore relatively
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Figure 1.2: Applications of high efficiency III-V solar cells: a) concentrator pho-
tovoltaics (CPV), image of an Ammonix system [10], b) space solar panels for
satellites, an artists impression of a Galileo satellite orbiting the Earth [11] and
c) an image of one of the solar wings of the Sentinel-1 satellite captured from the
satellite [12].
expensive solar cells with a higher efficiency may be favourable over cheaper but
less efficient cells. For flat panel application on rooftops and in building fac¸ades
mono- and poly-crystalline Silicon remain the most commonly used materials, with
a combined market share of about 90%, while the other 10% is divided over the
thin-film technologies a-Si, CIGS and CdTe.
In the past 15 years research labs all over the world have investigated a number
of promising new technologies (see lower right corner of figure 1.1) such as organic
solar cells (ηmax = 11.5%), dye-sensitized solar cells (ηmax =11.9%) and quantum
dot solar cells (ηmax = 11.3%). However, large scale application of these techniques
is not expected any time soon, since the current record efficiencies are only a
little over 10%. Recently a new perovskite material system is increasingly gaining
interest, the first report of perovskite solar cells dates back to 2009 and the current
record efficiency of 22.1% is (almost) equal to those of CIGS (22.3%) and CdTe
(22.1%). The main challenge for this system is that stability and reproducibility
of the solar cells have to be increased and large area preparation techniques have
to be developed.
The high efficiency part (top right corner) of the chart in figure 1.1 is dominated
by III-V solar cell technology, which finds its applications in terrestrial CPV sys-
tems and space solar arrays (see figure 1.2). Lattice matched InGaP/(In)GaAs/Ge
triple junction devices are the current benchmark for commercially available III-V
solar cells. The need for more efficient, light-weight and cheaper cells drives III-V
solar cell research ever further. In order to reach higher efficiencies the band gap
combination of the solar cell can be optimized [13] and/or additional junctions
can be added to the device. Currently 4, 5 and even 6 junction solar cells are
being investigated [14–16]. These advanced III-V devices add a new challenge
to device growth since optimum band gap combinations and 3+ junction devices
can no longer be grown lattice matched (i. e. with the same lattice constant)
to the growth substrate (typically Ge or GaAs). This problem can be solved by
using an inverted metamorphic (IMM) approach [13, 17, 18], in which a compo-
3
sitionally graded buffer is used to gradually change the lattice constant during
growth. These IMM structures are grown in inverse order so the lattice matched
InGaP and (In)GaAs junctions are grown first, after which the lattice constant is
changed and a third junction is grown. This inverse growth order induces the need
for substrate removal as the highest band gap junction (InGaP) should be the up-
per sub-cell of the final device. Substrate removal is currently mainly achieved by
chemical etching or mechanical grinding and polishing. These methods result in
the loss of the expensive growth substrate, therefore substrate removal techniques
that allow for substrate re-use [19, 20] are of interest. The two main techniques
that are currently considered are epitaxial lift-off (ELO) [21–24] and controlled
spalling [25–28].
Substrate removal has some additional benefits. The substrate typically makes
up a large part of the solar cell weight, hence substrate removal allows for the
creation of high efficiency, thin-film, light-weight, flexible solar cells. The acces-
sibility of the back surface of the solar cell device allows for implementation of
a back reflector to enhance solar cell efficiency [29–31]. Substrate removal also
opens the way to produce epi-structures on two different substrates (2 high band
gap junctions on GaAs and 2 low band gap junctions on InP for example) and
then combining the two structures by either wafer bonding [32] or mechanical
stacking [33]. Subsequently, either one or both of the growth substrates can be
removed.
Besides the development of cells with increasingly higher efficiencies research
efforts have recently been directed towards lowering the costs of III-V devices.
This includes lowering the production costs of III-V epi-structures by increas-
ing the MOCVD growth rate and by developing Hydride Vapour-Phase Epitaxy
(HVPE) growth methods for III-V solar cells [34–36], either growing, bonding or
stacking III-V devices on silicon [37,38] and the investigation of cheaper Cu-based
metallization schemes [39–41].
1.2 Towards high efficiency thin-film III-V solar cells for
space applications
Thin-film III-V solar cells (see figure 1.3) offer excellent characteristics for applica-
tion in space solar arrays. They show similar or even higher efficiencies compared
to III-V solar cells on their native growth substrates [21,22,30,42] and at the same
time offer the high specific power (W/kg) of thin-film solar cells. On the other
hand space also provides additional design challenges as a result of the harsh envi-
ronment (vacuum, harsh UV, high energy particle radiation, temperature cycling).
Initial work on the space compatibility of thin-film III-V solar cells indicates that
the space environment is not necessarily a threat to the device performance [43].
Flexible alternatives for the rigid aluminium honeycomb / double Carbon Fibre
Reinforced Plastic (CFRP) sheet support and brittle cover glass are required to
allow for a significant weight reduction of the panel [44, 45]. The most important
issue to be addressed is a flexible handling and support layer for the solar cells. For
research purposes cells may be transferred to a glass or silicon substrate [15, 22],
4
Figure 1.3: Two ELO thin-film GaAs solar cells released from a 2” GaAs wafer
and transferred to a metal foil.
but to exploit the thin-film nature of the cells flexible alternatives are necessary.
Commonly used flexible materials such as organic polymers are typically strongly
affected by the space environment [44,46]. A second alternative is offered by metal
foils [27,28,47–49]. These are compatible with the space environment, but diffusion
of the metal into the solar cell may diminish device performance and the differ-
ence in thermal expansion coefficient between the metal and the semiconductor
may induce microcracking, thereby also reducing device performance.
The ELO thin-film solar cell design currently used at Radboud University
utilizes a copper handling and support foil. Yet, copper is also known to be a fast
diffuser in many semiconductors, with potentially detrimental effects on the device
performance. Although copper diffusion in bulk (III-V) semiconductor materials is
elaborately described in literature [50–59], only very little research has been done
on the effect of copper on an actual device [60–63] and research often involves
deliberate doping of the semiconductor material rather than the study of gradual
diffusion over time. Although repeated measurement of thin-film solar cells over
the course of several years indicates that the use of Cu carriers does not impose
a problem for cells subjected to standard test conditions, it seems likely that
the challenging environment encountered during operation in space induces Cu
diffusion in thin-film solar cells. The first goal of the research described in this
thesis is therefore to identify the potential (Cu related) degradation mechanisms
that occur in III-V (thin-film) solar cells. As it is expected that the long term
device performance of III-V solar cells is affected by (Cu related) degradation, a
second objective of the research described in this thesis is to investigate possible
solutions for Cu related degradation in III-V semiconductor devices. Recently the
Si-based semiconductor integrated circuit industry has replaced the expensive gold
and silver contacts with copper based alternatives. In order to avoid indiffusion
of copper from the metal contacts into the semiconductor device diffusion barriers
are implemented. However, as the material properties of Si differ from those of
GaAs and the amount of copper involved in the support layer of a thin-film III-V
solar cell is much larger than the amount applied in Si circuit contacts, it is not
evident that these barriers are also suited for application in III-V solar cells. A
second possibility is investigating alternative carrier materials. Cu is (relatively)
5
cheap, compatible with thin-film solar cell processing and is a good conductor,
which is of interest during interconnection of the cells. Finding a replacement that
exhibits all three of those characteristics is not straightforward.
This thesis addresses potential challenges and opportunities for application of
thin-film III-V solar cells in space solar modules. In particular the space compat-
ibility of flexible metal (Cu) foil carriers was investigated. First the theoretical
and experimental concepts required for the research described in this thesis are
outlined in chapters 2 and 3. In chapter 4 the potential of three material systems
as flexible protection layers for thin-film solar cells in space applications was inves-
tigated. Then the effects of Cu diffusion in GaAs solar cells for space applications
were studied as described in chapters 5 and 6. In further investigations a high
temperature (≥ 250◦C) and a low temperature (< 250◦C) Cu related degrada-
tion mechanism were unravelled, these degradation mechanisms are described in
detail in chapter 7. As Cu related degradation proved to be a potential risk for
(thin-film) III-V solar cells metal diffusion barriers were investigated. In chapter 8
preliminary experiments with Ti and Ni barriers are described and in chapter 9 the
diffusion barrier potential of Ti, Ni, Pd and Pt barriers is addressed. The degra-
dation processes of thin-film GaAs solar cells were studied in the work described
in chapter 10 and compared with the degradation observed in substrate-based de-
vices. Finally in chapter 11 the results are summarized and the future prospects
and potential challenges of thin-film III-V solar cells for space applications are
discussed.
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Chapter 2
Theory
2.1 Sunlight
Light is part of the electromagnetic spectrum and its behaviour can be described
both as waves with a certain wavelength λ or in terms of energy packages (photons)
with discrete energies Eλ. The relation between the wavelength and the photon
energy is given by:
Eλ =
hc
λ
(2.1)
in which h is Planck’s constant and c is the speed of light in vacuum. A light
source is characterized by the wavelengths (photon energies) it emits. Some light
sources such as lasers and LEDs only emit light within a very narrow wavelength
(energy) range, whereas others such as incandescent light bulbs and the sun emit
a broad spectrum of wavelengths (energies). It is important to know the spectral
composition of the solar spectrum, as the spectral distribution of the light incident
on a solar cell influences its performance.
The sun is approximately a black body radiator with a surface temperature
of almost 6000K. Since the sun is far away and the Earth is much smaller than
the sun, the sunlight arrives at the Earth’s outer atmosphere as approximately
parallel rays. The spectral distribution at this point has an incident power density
of 1367 W/m2, is referred to as Air Mass Zero (AM0, see figure 2.1) and is used as
a reference spectrum for space applications. The sunlight must then pass through
the Earth’s atmosphere in order to reach the Earth’s surface. Various kinds of
atoms and molecules in the atmosphere absorb, reflect and scatter (part of) the
sunlight, therefore the spectrum that reaches the surface is strongly dependent on
the distance the sunlight has travelled through the atmosphere. The Air Mass
(AM) is a measure of how much the spectrum is affected by the atmosphere and
it is given by:
Air Mass =
1
θ
(2.2)
in which θ is the angle of incidence (when the sun is directly overhead θ = 0).
The air mass depends on the location on Earth and the time of day and year.
Therefore a standardized spectrum is used in order to allow comparison of solar
cell characteristics measured at different research and quality control centres. This
standardized spectrum is referred to as AM1.5 and is normalized to a total power
density of 1000 W/m2. The light that has been scattered and reflected in the
atmosphere before reaching the surface of the Earth is no longer a parallel bundle
and is therefore referred to as diffuse or indirect light. Up to 20% of the sunlight
that reaches the Earth is indirect (this is the light observed on a cloudy day for
example). Certain applications such as concentrator photovoltaics (CPV) utilize
7
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Figure 2.1: The AM0 (red), AM1.5g (black) and AM1.5d (grey) reference spectra
for solar irradiation.
only the direct part of the sunlight, whereas others such as flat rooftop solar
panels utilize both the direct and the indirect light. Therefore the characters g
and d are sometimes added to the AM1.5 spectrum to indicate whether the diffuse
component is included (global, g) or not (direct, d), both spectra are also shown
in figure 2.1.
2.2 Semiconductors
Most solar cells are made of semiconductors, a class of materials with unique opto-
electronic properties. These unique properties stem from their electronic structure,
which consists of a number of bands of allowed electron energies. For a pure semi-
conductor at low temperature all energy states in one of these bands (valence
band) are occupied, while the next band of allowed energies (conduction band) is
completely empty. These two bands are separated by a zone without any allowed
energy levels, the so called band gap Eg. Plotted as a function of crystal momen-
tum these bands typically have a parabolic shape. If the maximum of the valence
band and the minimum of the conduction band are at the same value of crystal
momentum the band gap is referred to as direct, if they are at different values
the band gap is indirect. Upon absorption of a photon with an energy Eλ ≥ Eg
8
one of the electrons can be excited from the valance band to the conduction band.
Both energy and momentum have to be conserved during this transition which
requires that absorption of a photon is accompanied by emission or absorption of
a phonon in case of an indirect band gap material. One of the implications of this
phonon assisted absorption process is the significantly larger absorption depth of
indirect band gap semiconductors, which means that a thicker layer of material is
required to absorb all photons with energies Eλ ≥ Eg. The excited electron can
now move freely between the empty energy states in the conduction band, while
the electrons in the valence band can move to the empty state leaving behind a
new empty state. These empty states in the valence band are generally treated
as particles that have a positive charge and can move freely through the valence
band and are referred to as holes. The density of electrons and holes in the va-
lence and conduction bands (and hence the conductivity) can be controlled by a
process called doping. During this process specific foreign elements (dopants) are
introduced in the semiconductor crystal lattice that either have additional or less
binding electrons compared to the atoms they replace. In the case of doping with
additional electrons the electrons will fill states in the conduction band, which
results in n-type doping. In the case of doping with an element with less electrons
some states in the valence band will remain empty, effectively creating holes and
thus resulting in p-type material.
Absorption of (sun)light generates additional electron-hole pairs which will
eventually recombine. Recombinations may take place via a number of differ-
ent processes of which radiative recombination, recombination via trap levels and
Auger recombination are the most common. Radiative recombination is the oppo-
site of absorption, the electron falls back to the valence band (recombining with
the hole) while emitting a photon with the band gap energy Eg. The emitted
photon might be reabsorbed by the semiconductor (photon recycling). Recom-
bination via trap levels (also known as Shockley-Read-Hall recombination) is a
two step process. First the electron falls back to a trap level in the band gap
simultaneously emitting a photon (or multiple phonons) and then falls back to the
valence band in the second step emitting another photon (or multiple phonons).
Since the re-emitted photons have energies Eλ < Eg they cannot be reabsorbed.
In case of Auger recombination the electron falls back to the ground state while
transferring its excess energy to either another electron in the conduction band or
another hole in the valence band, the excited electron or hole then loses its excess
energy via phonons.
The most commonly used semiconductor is the group IV element silicon (Si),
which is relatively inexpensive as a result of several decades of development and
large scale application. Large crystals of high quality electronic grade Si are usually
grown by the Czochralski method, while polycrystalline solar grade Si can be
obtained with the Siemens process or in a fluidized bed reactor. The 1.1 eV band
gap is close to the theoretical optimum for a solar cell material. However, the band
gap of Si is indirect which is a serious drawback for application in solar cells and
other optoelectronic applications, as the larger absorption depth requires devices
to be rather thick. An alternative is offered by the III-V materials of which gallium
arsenide (GaAs) is the most commonly used. The name III-V materials refers to
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Figure 2.2: Semiconductor band gaps as a function of their lattice constant. Direct
band gaps are indicated with solid lines and filled markers, while open markers
and dashed lines indicate indirect band gaps. The grey boxes indicate the range
of materials that can be grown on Ge, GaAs, InP and GaSb substrates.
the fact that they consist of a one-to-one mixture of elements out of group three
(B, Al, Ga, In) and five (N, P, As, Sb) of the periodic table. The fact that the
composition of these materials can be tuned, in theory allows for the preparation
of a whole range of materials with direct band gaps between 0.17 eV (InSb) and
6.0 eV (AlN) as shown in figure 2.2. High quality material is generally prepared
with epitaxial techniques such as metal organic vapour-phase epitaxy (MOVPE)
and molecular beam epitaxy (MBE). These techniques require a crystalline growth
template and in practice only binary III-V templates are commercially available,
as composition control of ternary and quaternary crystal growth is difficult. This
means that the range of materials that can be grown lattice-matched is limited to
those with a lattice constant similar to gallium arsenide (GaAs), indium phosphide
(InP) and gallium antimonide (GaSb). Germanium (Ge) is also used as a growth
template as it has (almost) the same lattice constant as GaAs, is cheaper and
less brittle than GaAs and most importantly allows for the production of a triple-
junction cell.
2.3 Solar cells
Typical semiconductor solar cells are based on a p-n junction diode (see figure
2.3). When n- and p-type material are brought into contact the concentration
difference in electrons and holes at both sides of the p-n junction causes free
electrons to diffuse from the n-type material into the p-type, while holes diffuse
in the opposite direction. Upon passing the p-n junction the electrons recombine
with the holes on the p-type side (and the holes with the free electrons on the
n-type side). Therefore a zone of charged dopant ions (positively charged donors
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in the n-type material and negatively charged acceptors in the p-type material)
remains near the p-n junction. This zone is often referred to as the depletion
region as it is effectively depleted of electrons and holes. These immobile charged
dopant atoms induce an electric field ~E across the p-n junction. As a result of
this electric field holes will drift across the p-n junction from the n-type side
to the p-type side and free electrons from the p-type side to the n-type side.
At thermal equilibrium conditions these diffusion and drift effects balance each
other. Absorption of (sun)light creates additional free electron-hole pairs. In
order to contribute to the output current these electron-hole pairs need to be
separated and then be collected at their respective contacts (n-type contact for
electrons, p-type contact for holes) before they recombine. The collected electrons
can then move through an external load in order to allow for current collection
(see figure 2.3). The depletion region separates the carriers, as electrons and
holes travel across the junction in different directions. Typical recombination
sources reducing the carrier collection probability are defects or impurities in the
bulk material and crystal surfaces. The surfaces of the solar cell are particularly
effective recombination sources as they typically have a lot of interface states
(created by for example dangling bonds) that facilitate easy recombination. In
ARC 
p-type 
n-type 
metal 
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metal 
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Figure 2.3: Schematic representation of a p-n junction solar cell and its operation
principle. Absorption of light creates electron-hole pairs, ideally the electrons
reach the n-type contact and the holes the p-type contact. Finally after passing
through the external load the electrons recombine with holes at the back contact.
A window and back surface field (BSF) are typically introduced in III-V solar cells
to minimize surface recombination. The anti-reflection coating (ARC) reduces the
reflections from the surface.
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Figure 2.4: Schematic representation of solar cell operation according to the two-
diode model. The solar cell is depicted as a current source generating IL, with two
diodes in parallel, one with an ideality factor 1 representing radiative recombina-
tion and one with an ideality factor 2 representing non-radiative recombination.
The model also includes a series resistance RS (idealy 0) that represents resistance
losses in the cell structure and a parallel resistance RP (idealy ∞) that represents
additional current pathways across the junction.
order to reduce surface recombination a window and back surface field (BSF) are
applied (see figure 2.3). These are semiconductor layers with a slightly larger band
gap than the solar cell material. Due to this difference in band gaps electric fields
are induced at the surfaces, these fields repel the minority carriers and thereby
reduce the recombination rate at the surfaces.
The electrical behaviour of a solar cell can be schematically described by the
equivalent circuit diagram displayed in figure 2.4. The model includes a current
source that generates the light induced current IL, two diodes that represent dif-
ferent recombination mechanisms (typically a diode with ideality factor 1 that rep-
resents radiative recombination and a diode with ideality factor 2 that represents
non-radiative recombination). In addition a series resistance RS, representing re-
sistance losses in the solar cell and a parallel resistance RP representing additional
current pathways across the junction are also often included. From a complex set
of semiconductor equations an equation for the electrical behaviour of a solar cell
can be derived (see for example chapter 3 of [64]):
I = IL − I01
(
eq(V+IRS)/1kT − 1
)
− I02
(
eq(V+IRS)/2kT − 1
)
− (V + IRS)
RP
(2.3)
in which I01 and I02 represent the dark saturation currents through the diodes.
For simplicity resistance effects are often neglected, setting RS and RP to their
ideal values of 0 and ∞. The recombination sources are often combined into one
diode with an ideality factor n which has a value between 1 and 2 (ideally very
close to 1). Equation 2.3 then simplifies to:
I = IL − I0n
(
eqV/nkT − 1
)
(2.4)
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Figure 2.5: Typical a) current-voltage (I-V) and power curves and b) EQE curve
of a solar cell.
in which I0n represents the total dark saturation current. Instead of current I,
the current density J (current per surface area) is often used, as it allows for easy
comparison of performance for solar cells of different dimensions.
The I-V curve following from equation 2.3 is displayed in figure 2.5a. From
this curve a number of important solar cell parameters can be obtained:
• Short-circuit current (Isc): the current at zero voltage, ideally Isc equals the
light induced current IL.
• Open circuit voltage (Voc): the voltage at zero current. At I = 0 equation
2.4 can be rewritten as:
Voc =
nkT
q
ln
(
IL
I0n
+ 1
)
. (2.5)
• Maximum power point (MPP): the location on the I-V curve where the
output power P of the solar cell is at a maximum. The MPP is the optimal
operation point of a solar cell that is found by calculating the maximum in
the power (I * V) curve (see figure 2.5a) via:
dP
dV
=
d(I * V)
dV
= 0 . (2.6)
• Fill factor (FF): a measure for the squareness of the I-V curve, given by:
FF =
VmpImp
VocIsc
, (2.7)
in which Vmp and Imp are the voltage and current at the MPP.
• Efficiency (η): a measure for how much of the input power Pin of the sunlight
can maximally be converted into electricity. As the maximum output power
is obtained at the MPP the efficiency is given by:
η =
Pmp
Pin
∗ 100% = VmpImp
Pin
∗ 100% = VocIscFF
Pin
∗ 100% . (2.8)
13
The wavelength resolved solar cell performance can be obtained from quantum
efficiency measurements. The external quantum efficiency (EQE) is defined as the
charge collection rate of the generated free electrons at a wavelength λ divided by
the photon flux Φph at that wavelength:
EQE (λ) =
Isc (λ)
Φph (λ) .
(2.9)
A typical EQE curve is shown in figure 2.5b. By integrating over all wavelengths
λ in the solar spectrum Isc can be calculated:
Isc =
∫
λ
EQE (λ) Φph (λ) dλ . (2.10)
The photon flux that is actually absorbed in the solar cell is lower than the photon
flux incident on the solar cells surface, as the grid partially covers the front sur-
face (shadowing losses) and the reflection of certain wavelengths from the surface
(reflectance losses). The internal quantum efficiency (IQE) is a measure for the
generated free electron flux compared to the absorbed photon flux and it can be
obtained from the EQE upon correction for shadowing and reflectance losses.
2.4 High efficiency solar cells
The main factors limiting the theoretical maximum efficiency of (single-junction)
solar cells are the fact that photons with energies Eλ < Eg are not converted at all
(conversion losses) and the fact that the excess energy of photons with energies Eλ
≥ Eg is lost as heat (thermalization losses). Reducing the band gap decreases the
conversion losses but increases the thermalization losses, while the opposite is true
for increasing the band gap. This means that there must be a band gap energy
Eg for which the total losses are at a minimum and hence the efficiency is at a
maximum. This intrinsic maximum efficiency can be calculated by the detailed
balance approach as described by Shockley and Queisser [7] and is therefore known
as the Shockley-Queisser limit (SQ-limit). The outcome of the calculation depends
on the boundary conditions used (such as the spectral distribution of the light
incident on the solar cell), but in general a maximum efficiency of about 33% is
found for a material with an optimal band gap (typically somewhere in the 1.2-1.5
eV range) [65].
A number of concepts that theoretically allow for efficiencies above the SQ-limit
have been proposed [66]. These include upconversion [67], downconversion [68],
intermediate band / quantum dot solar cells [69,70], hot electron / impact ioniza-
tion solar cells [71] and multi-junction solar cells [72, 73]. So far the only concept
that has been experimentally shown to be able to overcome the SQ-limit is the
multi-junction approach (current record efficiencies of 37.9% and 38.8% for 3- and
5-junction devices at 1 sun illumination and 46.0% for a 4-junction device under
concentrated light [9, 74], see figure 1.1). The multi-junction approach is based
on the realisation that rather than one cell with a single band gap to convert
all photons, multiple sub-cells with different band gaps that each convert part of
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the spectrum can be combined. In theory this approach allows for a maximum
efficiency of ∼ 86% for an infinite number of sub-cells [75] (again the value may
vary somewhat for calculations with different boundary conditions). In practice,
however, the efficiency limit will be significantly lower, as manufacturability limits
the number of sub-cells that can be used. Each added sub-cell adds more com-
plexity to the design and at a certain number of sub-cells the added efficiency will
no longer outweigh the added manufacturing costs. This effect is enhanced by the
fact that efficiency gain decreases with each added sub-cell.
The conversion of different parts of the spectrum by cells with different band
gaps requires that the spectrum is divided in separate regions that can be directed
to and converted by the different cells. In theory this can be achieved by spectrum
splitting optics such as prisms, but in practice this is quite difficult to achieve.
Alternatively a stacked approach can be used where the unabsorbed light in the
upper (high band gap) cell(s) is transmitted to the lower lying (low band gap)
cell(s). Such stacking can be achieved either by preparing separate cells and com-
bining them mechanically or by preparing them as a single device. Each of these
two approaches has its advantages and disadvantages in terms of manufacturability
and electrical (inter)connection.
The wide range of direct band gaps that can be obtained with III-V mate-
rials gives them a unique advantage for application in multi-junction solar cells,
because multiple sub-cells of different materials can be grown lattice-matched on
top of each other with tunnel-junctions in between them as optically transparent
interconnect structures. Such a stack of solar cells and tunnel-junctions can then
be processed all together into a single multi-junction device. The fact that these
cells are intrinsically series connected adds some additional design challenges. It
requires all cells in the stack to have the same polarity (either n-on-p or p-on-n)
and each sub-cell should be tuned to generate the same current (current matching)
as the device current is limited by the sub-cell producing the lowest current. This
so-called monolithic stacking approach was first used to create AlGaAs/GaAs [76]
and InGaP/GaAs [77] dual junctions on GaAs or Ge substrates. Later it was
realised that the Ge substrate can be turned into a third junction, resulting in the
current InGaP/(In)GaAs/Ge triple-junction benchmark for spacecraft and terres-
trial concentrator applications [78].
In order to obtain even higher efficiencies the band gap combination of the
triple junction cells might be optimized or an additional junction could be added.
Photovoltaic devices with ideal combinations of 3 or more junctions can no longer
be grown monolithically, but require sub-cells with different crystal lattices. This
implies the development of new preparation schemes for next generation solar
cells. In the inverted metamorphic (IMM) growth approach [13, 17] first two
junctions (typically InGaP and (In)GaAs) are grown lattice matched on GaAs
or Ge substrates. Then the lattice constant is changed gradually by growing a
compositionally graded buffer layer after which one or two additional junctions
(typically InGaAs) are grown lattice-mismatched (metamorphic) compared to the
substrate [15, 79]. The addition of lattice mismatched layers requires that the so-
lar cells are grown in an inverted order (i.e. top cell first, bottom cell last), as
the top cells are typically the ones that can be grown lattice matched to GaAs
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or Ge substrates and because high material quality is of particular importance
for the InGaP and GaAs sub-cells. This is primarily because the current in the
InGaP/GaAs cell combination typically limits that of the entire device and should
not be compromised by additional collection losses. In addition Voc depends on
material quality and high band gap materials add most to the total Voc of a
multi-junction device. As a result of the inverse growth order substrate removal is
required to obtain a working device, as the front surface of the final device is now
at the substrate side of the epitaxial structure. A second approach is to grow two
devices on different substrates (typically inverted growth of InGaP and (In)GaAs
on a GaAs substrate and upright growth of InGaAsP and InGaAs on an InP
substrate, see figure 2.2) and then combining the two with a stacking technique.
For this purpose wafer bonding [32] and mechanical stacking [33] are currently
investigated. Wafer bonding uses two smooth highly doped n-type surface layers
that are brought into intimate contact to be bonded [80]. The use of the n-type
layers allows for a low resistance electrical contact between the two stacks, thus
a series connected two-terminal device can be prepared very similar to the mono-
lithic approach. In the mechanical stacking approach the two cell stacks are glued
together with a transparent epoxy layer [81]. The use of the epoxy layer allows
for preparation of two separate two-terminal devices for which current matching is
not required, but the metal contacts of the two devices should be neatly aligned to
avoid shading losses, which adds additional complexity to the device processing.
Both wafer bonding and mechanical stacking require that the growth substrate of
the top cell(s) is removed after combining the two devices in order to clear the
front surface of the device. Removal of the bottom substrate is not necessary but
adds the opportunity to implement a mirror at the back of the device that allows
for reflection of transmitted and recycled photons.
2.5 Thin-film technologies
Typically III-V solar cell device structures are much thinner than their growth
substrates (a few microns versus several hundred microns). Substrate removal and
transfer of the thin-film device structure to a foreign carrier offers a number of
potential advantages such as lower weight, reduced costs and flexibility. It has
been shown that with such thin-film III-V devices efficiencies equal to those of
cells on their native growth substrate can be obtained [22]. The efficiencies of
thus obtained thin-film cells can even be significantly improved further if a photon
confining mirror is applied at the back of the cell [30, 42]. In order to create
next generation multi-junction solar cells (see section 2.4) removal of the device
epi-structures from their growth substrate is required to obtain a working device.
For research purposes substrate removal may be achieved by chemical etching or
grinding and polishing of the substrate, but as this results in loss of the expensive
growth substrate this is not a viable solution for large scale application of (thin-
film) III-V solar cells. Hence substrate removal techniques that allow for substrate
re-use [19, 20] are currently being investigated, with most of the attention being
directed towards epitaxial lift-off (ELO) and controlled spalling.
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Figure 2.6: Schematic representation of two epitaxial lift-off approaches a) weight
induced ELO and b) cylinder supported ELO [82].
2.5.1 Epitaxial lift-off (ELO)
In 1978 Konagai et al. described a process they called peeled film technology
(PFT) in which a thin sacrificial Al1-xGaxAs (x ≤ 0.3) layer was etched selec-
tively with an HF etch solution to remove GaAs layers/devices from their growth
substrate. This concept was later adapted by Yablonovitch et al. and renamed
epitaxial lift-off (ELO) [83]. Initially it proved to be difficult to release large area’s
of material and the rate of the process was rather slow. This has much to do
with the fact that the etchant and reaction products have to move in and out of a
narrow (∼10nm) crevice between the growth template and the III-V layer/device
structure. Yablonovitch demonstrated that the tension in a layer of black wax on
top of the epitaxial-structure slightly bends the thin-film thereby opening up the
crevice [83], yet controlling the tension in the wax layer and handling the thin-
film-wax combination proved to be difficult. At the AMS department of Radboud
University an improved ELO method was developed [84]. The epitaxial-structure
supported with a metal back contact layer (typically Au or Cu) was mounted on
a flexible handle, the substrate was then attached to a support rod and suspended
from the ceiling of the etch chamber. A weight attached to the flexible handle
was used to widen the crevice between the thin-film structure and the substrate.
A schematic representation of this weight induced ELO process is shown in figure
2.6a. These improvements allowed for removal of 2” III-V thin-films from their
growth substrates [85] and fabrication of record efficiency thin-film solar cells [22].
Eventually a more sophisticated method for ELO was proposed, rather than
using a weight a cylindrical support can be used to open up the crevice between the
thin-film and the growth substrate, in this way the thin-film device can be rolled off
its growth substrate. This is schematically depicted in figure 2.6b. Additionally the
process was optimized (etch temperature, composition, sacrificial layer thickness)
to allow for larger etch rates up to 30 mm/h [82]. Nowadays it is possible to
remove III-V thin-films from 4” [19, 21] and even 6” [47] growth substrates. In
addition to single junction GaAs and InGaP cells [84,86,87] InGaP/GaAs tandem
cells [24, 86] and IMM InGaP/GaAs/InGaAs triple-junction cells [23, 47, 88] are
now also prepared by the ELO technique. The possibility of growing multiple
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devices on top of each other and removing them separately one by one has been
demonstrated [89,90]. Finally adapted ELO processes have been proposed for use
with different substrates [91], different materials systems [92] and different etch
solutions [93].
2.5.2 Controlled spalling
Recently the use of another non-destructive substrate removal method referred to
as controlled spalling technology (CST) has been demonstrated [27, 28]. A metal
layer (typically Ni) is applied under tensile stress to a semiconductor wafer (with
or without device layers). On top of the metal layer a flexible (polyimide) handle
is applied. By exerting a small force to the flexible handle a crack front is induced.
Initially the crack will propagate downwards due to mode I spalling until cracking
starts to proceed in a lateral direction due to mode II spalling, thus ripping of a
thin surface layer from the substrate. A schematic representation of the spalling
process is depicted in figure 2.7. The flexible handle helps to avoid formation
of multiple cracks and for stable handling of the thin-film after CST. Tuning of
the tensile stress in the metal layer yields control over the cracking depth. CST
allows for removal of thin-films from a multitude of brittle substrates, with the
opportunity to re-use the substrates. Devices obtained by CST such as thin-film
InGaP/(In)GaAs tandem solar cells with efficiencies > 28% [25,26] and ultra-thin
integrated circuits on silicon [94] have already been demonstrated.
Figure 2.7: Schematic representation of the controlled spalling process, a) first a
tensile layer is applied, then b) a flexible handle c) spalling is induced by exerting a
small force on the flexible handle layer and d) the two different spalling modes [27].
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2.6 Applications of III-V multi-junction solar cells
Although commercially available state-of-the-art III-V multi-junction solar cells
show efficiencies exceeding those of conventional silicon solar cells, they are also
far more expensive. This limits their usage to applications where additional effi-
ciency has serious advantages over the extra solar cell cost: terrestrial concentra-
tor photovoltaics (CPV) [15,80,95] and solar panels for space applications [96,97].
Thin-film III-V solar cells are currently still in an early stage of development, but
have already found a few niche applications in military solar backpacks [98, 99]
and unmanned aerial vehicles (UAVs) [100,101].
2.6.1 Concentrator photovoltaics (CPV)
Concentrator photovoltaics (CPV) applies lenses and/or (parabolic) mirrors to
focus sunlight incident on a large area on a small solar cell that is placed in the
focal point of the mirror/lens. There are two advantages to this approach: 1)
compared to conventional solar panels, much less area of solar cells (and thus
intrinsically expensive semiconductor material) is required to convert the sunlight
incident on a given area and 2) operation under concentrated light makes it possible
to obtain higher efficiencies compared to operation under standard conditions. For
a concentration factor of X (X times the 1 sun spectrum, X suns) the input power
Pin scales linearly with X:
PX sunsin = X * P
1 sun
in . (2.11)
As does the short-circuit current Isc:
IX sunssc = X * I
1 sun
sc . (2.12)
Substitution of equation 2.12 into equation 2.5 yields for Voc at X suns:
VX sunsoc = V
1 sun
oc +
kT
q
ln X . (2.13)
The efficiency at X suns is given by:
ηX suns =
VX sunsoc ∗ IX sunssc ∗ FFX suns
PX sunsin
. (2.14)
Substitution of equations 2.11, 2.12 and 2.13 into equation 2.14 yields:
ηX suns =
FFX suns ∗
(
V1 sunoc +
kT
q ln X
)
∗ I1 sunsc
P1 sunin
. (2.15)
This can further be rewritten to yield:
ηX suns = η1 sun
(
FFX suns
FF1 sun
)(
1 +
kT
q ln X
V1 sunoc
)
. (2.16)
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The fill factor FF can be related to Voc according to an empirical equation [102]:
FF =
Voc − kTq ln [qVoc/kT + 0.72]
Voc + kT/q
. (2.17)
Since FF increases with Voc (see equation 2.17) and Voc increases with increasing
X, both factors multiplying η1 sun in equation 2.16 increase with increasing X. This
shows that the efficiency can indeed increase with the concentration factor.
The approach described above assumes that the cell temperature and semicon-
ductor parameters do not change with increasing concentration factors. In prac-
tice the maximum efficiency that can be obtained under concentrated sunlight is
limited. Primarily by the fact that the power loss through RS is quadratically
dependent on the current I (∆PRS = ∆VRS*I = RS*I
2) and the current increases
with increasing X. Additionally the high illumination intensity causes an increase
in temperature, which decreases Voc and thus the solar cell efficiency. The in-
creased operational temperature and large currents also add some constraints on
device design. In particular metallization schemes with low contact resistance are
required to reduce the power loss at high X. Active cooling of the solar cell might
be applied to reduce the temperature effect.
2.6.2 Space solar panels
Solar panels offer a reliable and durable supply of power, hence the vast majority
of spacecrafts are solar powered. Initially silicon solar panels were used but in-
creasing power demands led to a transition to III-V (multi-junction) solar cells as
these offer higher specific power (W/kg) and higher end of life (EOL) efficiencies.
The latter is a result of better radiation hardness of the III-V materials. Consid-
ering the fact that launch costs are in the order of 10.000 e/kg the higher price
of more efficient solar cells is generally balanced by the reduced amount of panels
that is required (which reduces the satellite weight and hence the launch costs).
Compared to terrestrial applications space applications add some additional chal-
lenges to the solar panels. Reliability and durability are even more important as
after launch repair is usually impossible. Additionally space provides a number
of environmental conditions not typically encountered in terrestrial applications.
The exact nature of the environment encountered in space depends on a number of
variables specific for the mission, such as the type and altitude of the orbit and the
solar activity, but in general the following conditions should be considered during
device design [46]:
• High vacuum: the high vacuum (10−8–10−15 Pa) encountered in space can
cause out-gassing of volatile materials which may condense on other parts
of the spacecraft. This may cause damage to the spacecraft or contaminate
the surfaces of optical components such as solar panels.
• Micrometeoroids/debris: both naturally occurring micrometeoroids and
man-made space debris might collide with the spacecraft at a high veloc-
ity (10-20 km/s). Upon impact this can inflict damage to the surface layers
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of the spacecraft and thereby expose underlying layers (for example solar
cells) to the harsh space environment.
• Unequal charging: space crafts are exposed to naturally occurring plasma,
this causes generation of photoelectrons at the spacecraft surface, leading to
a build up of charge on the solar panel surface. Such a charge might discharge
via the solar cells or other critical components of the panel, causing failure
of the panel.
• UV radiation: on Earth most of the UV radiation (100–400 nm in wave-
length) is filtered out by the atmosphere. In space, on the other hand, this
UV radiation will reach the spacecraft. Potentially harmful effects include
colouring of normally transparent parts (such as cell protective coatings or
the mounting medium of the cover glass [44]) and the conversion of UV pho-
tons into heat. For a solar cell this would mean less light can enter the cell
due to the colouring and less efficient operation of the solar cell because of
the higher operating temperature [103].
• Charged particle radiation: the charged particle environment mainly consists
of high-energy electrons and protons, but alpha particles, heavy ions and
high-energy photons are also present. Such particles can create defects in the
crystalline material of the solar cells, hence decreasing its performance [104].
• Thermal cycling: solar panels move in and out of the Earth’s shadow, this
induces a rapid temperature change (heating up or cooling down quickly).
Differences in thermal expansion coefficients might cause stress between dif-
ferent layers in the solar panel, which in turn can result in cracking or de-
lamination of one or more of the layers.
• Atomic oxygen (ATOX): molecular oxygen (O2) and ozone (O3) can photo-
dissociate into atomic oxygen (ATOX). Since this process requires the pres-
ence of molecules it is mainly an issue for low Earth orbits (LEO) in which
about 80% of the atmosphere consists of ATOX [46]. It can collide with the
spacecraft, but since its penetration depth is small it only causes damage to
the surface layers of a solar panel. This could give rise to problems when a
flexible protective coating is used instead of a cover glass, since the polymers
of such layers are generally severely damaged by ATOX.
III-V thin-film solar cells offer excellent characteristics for application in space
solar panels as removal of the substrate and replacement of the rigid cover glass
and aluminium honeycomb / dual CFRP sheet support with flexible alternatives
allow for a weight reduction of ∼75% [45]. At the same time they retain the high
efficiencies obtained for substrate-based III-V multi-junctions. There are already
some reports about space environmental testing of thin-film III-V cells [43,105,106]
and space compatible IMM multi-junction cells are currently being developed [14,
107]. However, large scale application of thin-film solar panels in space still requires
a number of technical challenges to be addressed such as the requirement for
space environment compatible flexible cell support foils and radiation protective
coatings.
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2.7 Metal semiconductor interactions
Metal contacts are required to make electrical contact to a semiconductor device.
Additionally the thin-film III-V solar cells require a stabilizing carrier and a back
mirror that allows for photon recycling. At the AMS department Au is currently
used for the metal contacts and back mirror, while Cu is used as a stabilizing
carrier material. These metals interact with the semiconductor material, which
may affect the semiconductor device performance. Two types of interaction are of
particular interest: metal diffusion and compound formation.
2.7.1 Metal diffusion in (III-V) semiconductors
When metals are brought in contact with semiconductor materials, metal atoms
(in particular Cu) may diffuse from the interface (high Cu concentration) into the
semiconductor material (low Cu concentration). The rate of this process depends
on the concentration gradient and the diffusivity or diffusion coefficient D, which
is temperature dependent according to:
DT = D0 exp
(−Ea
kT
)
. (2.18)
In this equation DT is the diffusivity at temperature T, D0 the maximum diffusivity
at ∞ K, k the Boltzmann constant and Ea the activation energy of the diffusion
process. For copper diffusion in GaAs Hall and Racette [55] found that D =
1.0x10−5 cm2/s at 500◦C at an Ea of 0.53 eV ± 10%. Diffusion may not necessarily
be a problem if for example the solubility of the metal in the semiconductor is low
or there is no (net) effect on the electrical properties of the semiconductor device.
However metals tend to introduce trap levels in the semiconductor that act as a
recombination pathway. Such traps are particularly efficient if their energy lies in
the middle of the band gap and Cu is known to introduce a mid band gap trap
level [58].
Cu can be incorporated in GaAs (or any other semiconductor) either as an
interstitial species (in between lattice sites) or as a substitutional species (on a
lattice site replacing an atom of the host material). In GaAs the substitutional
species acts as a double acceptor and the interstitial species as a single donor. The
solubility of the substitutional species is (much) higher than that of the interstitial
species, but the interstitial species has a higher diffusion coefficient and can thus
move more rapidly through the semiconductor material [55]. The diffusion mech-
anism of Cu in GaAs is not described in literature, but generally the mechanism
described by Frank and Turnbull [52] for Cu diffusion in Germanium is assumed
to be also applicable to GaAs [54]. Frank and Turnbull state that interstitial Cu
atoms may take the place of a vacancy in the material, resulting in a Cu atom on a
lattice site. From the fact that the substitutional species acts as a double acceptor
it can be deduced that in GaAs the substitutional species preferably occupies a
Ga lattice site. This mechanism can schematically be described as:
Cui + VGa ⇀↽ Cu
s
Ga . (2.19)
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Alternatively Go¨sele and Morehead have described a diffusion mechanism for Zinc
in Gallium Arsenide [108] in which an interstitial Zn atom ”kicks out” a Ga atom
from its lattice site resulting in a Zn atom on a Ga site and an interstitial Ga
atom. Given the chemical similarity between Cu and Zn (which is also known
to be a fast diffuser in GaAs) this mechanism should be considered a possibility
for Cu diffusion in GaAs as well. Applied to Cu in GaAs the mechanism can be
described as:
Cui ⇀↽ CusGa + Ga
i . (2.20)
The diffusion processes of metals (including Cu) in semiconductors have been
extensively studied in the 1950s and 1960s, but more recent work is not always
available. In 1974 Hasegawa showed that diffusion is material quality dependent
and proceeds much slower in epitaxial layers as compared to bulk substrate mate-
rial [59]. This is not surprising (assuming the diffusion mechanism of Frank and
Turnbull is indeed also valid for GaAs) as the epitaxially grown layer most likely
contains (much) less defects and vacancies compared to bulk material. As modern
growth techniques such as MOVPE and MBE are developed fairly recently, the
results obtained in the 1950s and 1960s for bulk semiconductor materials may not
be applicable to todays high-quality epitaxially grown III-V material. Addition-
ally most older studies report experiments at high temperatures (≥500◦C), while
actual devices are unlikely to be exposed to such high temperatures. Generally
the high temperature results are extrapolated to lower temperatures, but as there
is some evidence that for example the solubility reaches a constant level below a
certain temperature [55] this approach may not be valid. Moreover there are very
few reports of the effects of Cu on actual devices [60–63] and none of them reports
about gradual indiffusion of Cu over time.
2.7.2 Alloy/compound formation
In addition to diffusion, the contact and carrier metals may (at elevated temper-
atures) intermix and/or interact with the semiconductor material to form alloys
and/or compounds. Predicting such interactions is difficult, but some informa-
tion can be gained from the phase diagrams of Au and Cu [109, 110], Au and
GaAs [111, 112] and Cu and GaAs [111], which are depicted in figure 2.8. The
(experimentally determined) Au-Cu phase diagram (figure 2.8a) shows that, over
a large temperature range, Au and Cu tend to form a solid solution (Au, Cu),
but that at temperatures below 410◦C additional phases can be formed. At tem-
peratures below 240◦C and at low atomic % of Cu Au3Cu might be formed, at
intermediate Cu levels (∼ 50 %) below 410◦C two different phases of AuCu might
occur and at temperatures below 390◦C and higher atomic Cu % two AuCu3
phases may form. Multiple two-phase regions, in which two phases are simultane-
ously present, are also visible in figure 2.8a. The fact that there is no region in the
phase diagram where Au and Cu occur as separate phases, indicates that Au/Cu
interfaces are unstable. Predicting what interactions take place at the Au/Cu in-
terface upon exposure to elevated temperatures (but below 410◦C) is difficult but
three potential mechanisms (indicated by A, B and C in figure 2.8a) appear to be
plausible. The Au/Cu interface can be considered as a region with approximately
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Figure 2.8: a) Phase diagram of Au and Cu [109, 110]. The solid lines indicate
established phase boundaries, while dotted and dashed lines indicate predicted and
extrapolated phase boundaries. The double lines joining each other in the middle
are the liquidus (upper line) and solidus (lower line) of the indicated transitions.
Calculated phase diagrams of b) Au and GaAs and c) Cu and GaAs at room
temperature [111]. These phase diagrams are valid up to temperatures of about
300◦C, above this temperature additional phases may be formed, as is indicated
in red in the GaAs-Cu phase diagram. Here the solid lines are tie lines which
indicate that the two phases connected by the line are in equilibrium and do not
react to form other products [112].
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equal amounts of Au and Cu, upon exposure to elevated temperatures this most
likely results in the formation of AuCu (indicated by A). In subsequent reactions
the AuCu may react further to form Au3Cu, AuCu3 or (Au, Cu). Further away
from the interface (on the Au side) a zone initially consisting of Au will start to
form a Au rich solid solution once Cu starts to diffuse into the Au layer (process
B). Dependent on the temperature this may react further to form Au3Cu (below
∼ 240◦C) or AuCu. Similarly on the other side of the interface a zone initially
consisting purely out of Cu will start to form a Cu rich solid solution once Au
starts to diffuse in (process C). Upon further addition of Au this may result in
formation of AuCu3 and later AuCu.
The calculated Au-GaAs phase diagram [111] (which is in good agreement
with the experimentally determined phase diagram of Tsai and Williams [112])
in figure 2.8b shows that GaAs and Au are connected by a tie line, which indi-
cates that the two phases are in equilibrium and should not react to form other
products. However, Kinsbron et al. [113] have shown that during annealing at
temperatures above ∼ 250◦C GaAs may decompose, upon which the As diffuses
out. This decomposition process distorts the equilibrium between Au and GaAs,
as out diffusion of As changes the relative amounts of Ga and As. This shifts the
composition to the left of the Au/GaAs tie line, which results in the formation
of at least one GaxAsy phase. The (calculated) phase diagram of GaAs and Cu
shows that there is no solid tie line connecting these two materials which indicates
that GaAs/Cu interfaces are intrinsically unstable. Assuming that at the interface
the Cu/GaAs ratio is approximately 1:1 this most likely results in the formation
of Cu3As and GaCu2 which form an equilibrium with GaAs. Subsequent reactions
may then result in the formation of other GaxCuy and CuxAsy compounds. How-
ever, in a GaAs/Au/Cu stack the GaAs and Cu are initially separated by an Au
layer. Therefore it might be anticipated that by diffusion of As on the one hand
and Cu on the other hand the intermixing process will start with the formation
of the low As containing Cu8As phase at the Cu side of the Au layer and the low
Cu Ga2Cu phase at the GaAs side. In practice most of the above described mech-
anisms will take place simultaneously in a GaAs/Au/Cu stack and the dominant
mechanisms will vary dependent on the thicknesses of the layers in the stack and
the applied temperature. This makes it nearly impossible to predict what will
happen within the layer stack upon exposure to elevated temperatures. Therefore
the temperature-induced changes in stack structure and its influence on solar cell
performance is investigated experimentally in this thesis.
Combining the information from the Au-Cu, Au-GaAs and Cu-GaAs phase
diagrams (see figure 2.8) with the information from the annealing experiments of
Kinsbron et al. [113] suggests that two different degradation mechanisms may be
expected. Below ∼ 250◦C the GaAs/Au interface is stable, but the Au/Cu inter-
face is not. Au and Cu will gradually intermix and form AuxCuy phases and/or
a solid solution (Au, Cu). Once this intermixing process reaches the GaAs/Au
interface this interface is destabilized, as Cu is now also present at the interface
and Cu is not in equilibrium with GaAs. This may eventually result in the for-
mation of additional GaxAuy, GaxCuy and CuxAsy phases. Above ∼ 250◦C both
the GaAs/Au and Au/Cu interface are unstable. Again Au and Cu will intermix
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and form AuxCuy phases and or a solid solution (Au, Cu). But now at the same
time the GaAs will also decompose to form at least one GaxAuy phase. Once the
out diffusing As reaches the (intermixed) Au/Cu interface it may form CuxAsy
phases.
2.8 Diffusion barriers
The most straightforward solution to prevent metal semiconductor interaction
would be the replacement of the metal with another material that does not dif-
fuse into or react with the semiconductor. However finding a material that is
compatible with all processing steps and requirements necessary for the intended
application, is difficult or even impossible. An alternative solution can be found
in the silicon semiconductor industry where silver metallization is currently being
replaced by cheaper copper metallization. In order to prevent diffusion of copper
into the semiconductor material a diffusion barrier is now commonly applied. For
such a barrier B placed between materials M1 and M2, the following requirements
should be taken into account [114]:
• Low transport rate of M1 and M2 across B
• Small loss rate of B into M1 and M2
• Thermodynamically stable against M1 and M2
• Good adhesion with materials M1 and M2
• Low specific contact resistance with M1 and M2
• Laterally uniform in thickness and structure
• Good resistance to thermal and mechanical stress
• Good thermal and electrical conductivity
The preparation process of the device and the available equipment may further
limit the options for the application of a barrier layer. For the thin-film solar cells
prepared at Radboud University compatibility with thin-film processing, applica-
bility by e-beam evaporation, good electrical conductivity and good adhesion to
Au, Cu and GaAs are important.
Metals offer a simple solution as most of them can easily be applied by e-
beam evaporation, have decent conductivities and have reasonably good adhesion
to Au, Cu and GaAs. Of primary interest are Ti [115, 116] and Ni [117–123]
as they have already been evaluated as barrier materials for Cu metallization in
silicon solar cells. High melting point metals such as Ta and W [124–126], metal
nitrides (for example TiN and TaN) [127–133], metal silicon nitrides such as TaSiN
and TiSiN [134–136] and ternary compounds such as W-B-N, Ti-P-N and Ta-C-
N [137–139] appear to offer better barrier characteristics for application in GaAs
devices, but are more challenging to apply with the currently available equipment.
In addition to diffusion barriers, Cu-based metallization schemes may be used to
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avoid metal induced device degradation. Two Cu-based metallization schemes
have already been studied for GaAs solar cells. Rey-Stolle et al. have investigated
a Ge/Cu contact scheme [39] and Hsu et al. have investigated a Pt/Ti/Pt/Cu
contact for p-type material and a Pd/Ge/Cu contact for n-type material allowing
for a gold free metallization scheme [40,41].
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Chapter 3
Experimental techniques
3.1 Metal-Organic Vapour-phase Epitaxy
The III-V solar cell structures described in this thesis are grown by Metal-Organic
Vapour-Phase Epitaxy (MOVPE), also known as Metal-Organic Chemical Vapour-
phase Deposition (MOCVD). MOVPE is a gas phase deposition technique, first
described in 1968 by Manasevit [140], in which metal-organic and hydride source
gasses in a carrier gas are led over a crystalline growth substrate at high tempera-
ture in order to deposit semiconductor layers. MOVPE allows for lattice-matched
(to the substrate) semiconductor growth, with monolayer sharp interfaces between
different materials. High quality material of non-lattice matched materials can also
be grown as long as the lattice constant is not too different from the substrate.
At the Applied Materials Science (AMS) department of Radboud University an
Aixtron 200 low pressure MOCVD reactor (see figure 3.1) is used for the growth
of solar cell structures. For the group III elements trimethyl-Aluminum (TMA,
Al(CH3)3), trimethyl-Gallium (TMG, Ga(CH3)3) and trimethyl-Indium (TMI,
In(CH3)3) are used as source gasses and for the group V elements Phosphine
(PH3) and Arsine (AsH3) are used as source gasses. Disilane (Si2H6) and diethyl-
tellurium (Te(C2H5)2) are used for n-type doping and diethyl-zinc (Zn(C2H5)2)
and C (auto-doping with the C from the methyl groups) are used for p-type dop-
ing. Crystalline growth substrates (at the AMS department typically GaAs is used,
InP and Ge are two other commonly used substrates) are heated with infra-red
lamps to temperatures in the 600-750◦C range. At these temperatures a carrier
gas (typically H2) containing the required combination of source gasses is led over
the substrate. As a result of the high temperature these source gasses decompose,
resulting in reactive compounds for the deposition of a semiconductor on a sub-
strate. Typical growth rates are in the order of 1-2µm/hour. In general terms this
reaction can be described as:
(1− x− y)Al(CH3)3 + x Ga(CH3)3 + y In(CH3)3 + (1− z)PH3 + z AsH3
→ Al(1−x−y)GaxInyP(1−z)Asz + 3 CH4 , (3.1)
in which the parameters x, y and z (0 ≤ x, y, z ≤ 1) determine the composition of
the semiconductor. Growing multiple layers of different composition, p- or n-type,
thickness and doping level on top of each other results in the desired solar cell
structure.
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Figure 3.1: The Aixtron 200 MOCVD reactor used for the growth of III-V solar
cell structures at the AMS department.
3.2 Solar cell processing
3.2.1 Substrate-based cells
After MOVPE deposition the surface of the cell structures (see figure 3.2a) is
cleaned (typically 2 x 30 s in acetone, 6 x 30 s in water, 1 x 30 s in a 1:1 H2O :
HCl (37%) solution, 6 x 30 s in water, 2 x 30 s in isopropanol). Then a metal front
contact grid (either the yellow or the orange pattern in figure 3.3) and full Au back
contact (typically 100-200 nm in thickness) are applied by e-beam evaporation.
Separate cells of 6mm x 6mm are created by a MESA etch, in which the epi-layers
around the actual cell are etched away. The GaAs layers are removed with a 1:2:10
NH4OH:H2O2:H2O solution and the InGaP and AlInP layers with a 37% HCl
solution. Next the metal front contact is covered with photoresist (grey pattern
in figure 3.3) and the GaAs contact layer between the grid fingers is removed with
a 2:1:10 NH4OH:H2O2:H2O solution. Finally a ZnS/MgF2 anti reflection coating
(ARC) is applied by e-beam evaporation. This results in devices (schematically
depicted in figure 3.2f) that will be referred to as substrate-based solar cells.
3.2.2 Thin-film cells
For the production of thin-film solar cells either the ELO cell structure (figure
3.2b) or the substrate etch cell structure (figure 3.2c) are grown. The actual
solar cell structures are either n-on-p (figure 3.2d) or p-on-n (figure 3.2e) that can
be grown upright or inverted on top of the etch stop layer. The surface of the
solar cell structures is cleaned, after which a flexible handle is applied. The cell
structures are then removed from their growth substrates either by epitaxial lift-off
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Figure 3.2: Not to scale general representations of a) a substrate-based solar cell
structure b) an ELO solar cell structure c) a substrate etch solar cell structure d)
an n-on-p solar cell structure and e) a p-on-n solar cell structure f) a substrate-
based solar cell and g) a thin-film solar cell on a Cu carrier.
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Figure 3.3: Schematic representation of the typical solar cell configuration with
a large front contact grid coverage as applied in several studies described in this
thesis. Three different grid patterns were available with 44.8% (orange pattern),
47.5% (yellow pattern) and 50.2% (grey pattern) surface coverage.
or by chemical etching of the substrate with a citric acid etch. After substrate
removal an Au mirror / back contact and a Cu or Au carrier are applied. The cell
structures are then transferred to a temporary glass carrier. After removal of the
flexible handle an Au front contact grid (orange pattern in figure 3.3) is applied by
e-beam evaporation. Separate cells of 6 mm x 6 mm are created by a MESA etch,
in which the layers of the cell structure are etched away around the actual solar
cell until the Au mirror / back contact is exposed. The GaAs layers are removed
with a 1:2:10 NH4OH:H2O2:H2O solution and the InGaP and AlInP layers with
a 1:100:200 Br2:HBr:H2O solution. Then the metal front contact is covered with
photoresist (grey pattern in figure 3.3) and the GaAs contact layer between the grid
fingers is removed with a 2:1:10 NH4OH:H2O2:H2O solution. Finally a ZnS/MgF2
anti reflection coating (ARC) is applied by e-beam evaporation. This results in
thin-film solar cells as schematically depicted in figure 3.2g.
3.3 Characterization methods
3.3.1 Current-voltage measurements
For current-voltage (I-V) measurements an ABET Sun 2000 Solar Simulator (see
figure 3.4a) is used at the AMS department. It is equipped with a 550 W Xenon
Arc lamp with a spectral filter to match the AM1.5g spectrum (see section 2.1)
and a mechanical shutter to minimize unnecessary heating of the cell (due to illu-
mination) before and after measurements. A water-cooled heat sink is used to keep
the solar cell at the standard test conditions (STC) temperature of 25◦C. For mea-
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a) b) 
Figure 3.4: a) ABET Sun 2000 Solar Simulator used for I-V curve measurements
and b) ReRa SpeQuest set-up used for external quantum efficiency measurements.
surements the cell is placed on the heat sink under the lamp of the solar simulator
and connected via a four-point probing technique to a Keithley sourcemeter. The
solar simulator and sourcemeter are controlled via a computer with ReRa Tracer
3.0 measurement software. A current-voltage (I-V) curve is obtained by measuring
the current for a range of voltages over the cell under illumination. A calibrated
reference cell is measured in order to correct for deviations in irradiance. Dark
I-V curves can be obtained by sweeping through the voltage range while a black
box is placed over the cell measurement area to block the light.
3.3.2 External quantum efficiency
External quantum efficiencies are measured with a ReRa SpeQuest system (see
figure 3.4b) controlled by a computer equipped with ReRa Photor 3.1 measure-
ment software. Light from either a Xenon or an halogen lamp is sent through a
monochromator and chopper connected to a lock-in amplifier and then directed
to the cell using a mirror. First the wavelength dependent photocurrent of a
(Si-)photodiode is measured to calibrate the system. Then the cell is connected
via two probes and the wavelength dependent Isc is measured. From these two
measurements the external quantum efficiency can be calculated via equation 2.9.
3.3.3 Electroluminescence
The working principle of Light Emitting Diodes (LEDs) is based on electrolumi-
nescence [141], which is in fact the opposite process of solar cell operation. A solar
cell converts light into electric current, while an LED converts current into light.
The notion that a good solar cell must also be a good LED [30] and that non-
radiative recombination is the process that limits the efficiency of both devices,
indicates that electroluminescence measurements may provide valuable informa-
tion on solar cell performance. For this purpose a qualitative electroluminescence
measurement set-up was built. Two probes are connected to a power supply to
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provide a bias voltage (and hence current flow) and a webcam from which the
infra-red filter is removed is used to visualize the luminescence. Measurements are
performed in a darkened room with fixed camera settings (lighting, exposure time
etc.). Reduced luminescence (either locally or over the entire cell surface) indi-
cates enhanced non-radiative recombination. A more sophisticated (quantitative)
system is currently under construction.
3.3.4 Electron microscopy
For high resolution sample inspection electron microscopy can be applied. With
this technique electrons are accelerated using a voltage of ∼ 100 keV, which results
in a beam with a wavelength much smaller than for visible light (and hence a better
resolution). The electron beam is directed onto the sample, where it creates a
variety of new particles and induces emission of different kinds of radiation. In
scanning electron microscopy (SEM) a raster scan of the sample is made during
which the secondary electrons created in the sample are detected, information
about the elemental composition can be obtained by measuring the emitted x-ray
energies. Higher resolution can be obtained with transmission electron microscopy
(TEM) in which not the secondary, but the transmitted electrons are detected.
Cross-section SEM samples are prepared by cleaving solar cells (or other sam-
ples) with a scalpel. These are placed in a dedicated cross-section sample holder
and fixed to the sample holder with conductive carbon tape. A thin layer of con-
ductive Pt/Pd coating is applied with a Cressington 208HR sputter coater and
images are obtained with as JEOL 6330 Cryo FESEM. Transmission and scanning
electron microscopy measurements were carried out at the LG Electronics Materi-
als & Devices Advanced Research Institute in Seoul, Korea. After application of a
Pt protection layer, cross-section samples of the solar cells are prepared by focused
ion beam milling. Then images are obtained with a FEI Titan G2 electron mi-
croscope equipped with EDX (Elemental Dispersion of X-rays) tools to determine
the composition of the visualized structures.
3.4 Accelerated life-time testing
Depending on the mission requirements solar cells for space applications have to
operate at least 10-15 years under extreme conditions. Since it is undesirable to
simulate these conditions for such a long time alternative test approaches are re-
quired to analyse the potential damage exposure these external conditions might
inflict on the solar cells. The effects of for example UV and high energy parti-
cle (electron and proton) irradiation are typically investigated by exposing cells
to the total irradiation dose encountered during the operational life-time of the
spacecraft. For temperature dependent processes (such as diffusion) an acceler-
ated life-time testing (ALT) method can be used [142–145]. One assumes that
long-term operation (10+ years) at a (relatively) low temperature (max 100◦C) is
equivalent to a short period of time (several hours or days) at a higher tempera-
ture (for example 200◦C). This can mathematically be described with an Arrhenius
equation:
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tacc
= exp
[
Ea
k
(
1
Top
− 1
Tacc
)]
, (3.2)
in which k is the Boltzmann constant, Top is the operational temperature at which
the device will be used, Tacc is the temperature of the accelerated life test, top
and tacc are the operational time at Top and the ALT time at Tacc respectively
and Ea is the activation energy of the process. ESA’s requirements and standards
division advises to use 0.70 eV for calculations or to determine the actual activation
energy experimentally [146]. Since determination of the activation energy is time
consuming and difficult experimentally, only a few are reported in literature [142–
145] and none of them concerns space applications or (Cu) diffusion in III-V solar
cells. Therefore accelerated test times at various temperatures between 100 and
400◦C were calculated for an activation energy of 0.70 eV, these are given in table
3.1 for a geosynchronous orbit mission (GEO: 15 years, Tmax = 70
◦C), a low-earth
orbit mission (LEO: 10 years, Tmax = 100
◦C) and an extreme scenario (Extreme:
Table 3.1: Accelerated test times at various accelerated test temperatures for
geosynchronous (GEO: 15 years, 70◦C) and low-earth orbit (LEO: 10 years, 100◦C)
missions and for an extreme scenario (Extreme: 15 years, 100◦C) calculated with
Eact = 0.70 eV. Values are converted into days if larger than 24 hours and into
years if larger than 365 days, all values were rounded off towards the next 0.5 hour,
day or year so the test time is always overestimated.
Ea = 0.70 eV tacc
Tacc (
◦C) GEO LEO Extreme
125 207.5 d 3.0 y 4.0 y
150 62.5 d 278.5 d 1.5 y
175 21.5 d 95.5 d 143.0 d
200 8.5 d 37.0 d 55.0 d
225 3.5 d 15.5 d 23.5 d
250 2.0 d 7.5 d 11.0 d
275 19.0 h 3.5 d 5.5 d
300 10.0 h 2.0 d 3.0 d
325 5.5 h 1.5 d 2.0 d
350 3.5 h 14.5 h 21.5 h
375 2.0 h 8.5 h 13.0 h
400 1.5 h 5.5 h 8.0 h
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15 years, 100◦C). It is evident from table 3.1 that the use of low Tacc values requires
longer tacc, however high test temperatures are also not favourable as the risk of
triggering additional degradation mechanisms that do not occur at all for Top also
increases with Tacc. This requires that a balance is found between a reasonable
test time and the degradation processes that are induced.
For Cu diffusion studies two space conditions (see section 2.6.2) are of partic-
ular interest: temperature cycling and charged particle irradiation. The elevated
maximum temperature encountered during temperature cycling is of interest as
diffusion is temperature dependent. Charged particle irradiation induces defects
(such as vacancies), which play a role in the diffusion mechanism (see section 2.7).
The temperature dependence is investigated by accelerated life-time testing (ALT)
at various temperatures between 200 and 400◦C. The effect of electron irradiation
is tested by exposing cells to the total dose encountered during a GEO mission.
Three different ovens are used for the ALT experiments: a vacuum oven, a tube
oven and a rapid thermal annealing (RTA) oven (see figure 3.5). For long term
experiments (several days) a vacuum oven is used. Two heating mats (maximum
temperature 225◦C) were wrapped around a quartz cylinder and were placed in a
cylindrical vacuum chamber equipped with a temperature sensor connected to a
Shimaden SR22 temperature controller. A tube oven was used for experiments at
higher Tacc values. The oven is a Carbolite system in which a digital Eurotherm
808 temperature controller and K-type thermocouple were installed. A specially
designed quartz inner tube was made to flush the tube with N2 gas and to allow
for in-situ temperature measurements. For short ALT experiments that require
rapid heating and cooling an AST RTA is used, which allows for short (max
99 min) annealing procedures at various temperatures while the system is being
flushed with N2 gas. Electron irradiation experiments were carried out at the
Delft university of technology (TU Delft). Here a 1 MeV electron beam of 8 cm in
diameter and a fluency of 5.0*1011 e−/cm2s was swept over the cells repeatedly,
to create the effect of a 1MeV electron irradiation dose of 1015 e−/cm2 (equal to
the total dose encountered during 15 years in a GEO orbit).
Solar cells were characterized both before and after an accelerated test. From
the J-V curves the solar cell parameters Jsc, Voc, FF, Pmax and η were obtained.
Remaining factors (R-parameter) were calculated according to:
R-parameter =
parameter value after ALT
initial parameter value
. (3.3)
The remaining factors were then averaged over the number of cells that had the
same treatment.
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Figure 3.5: Images of the three different ovens used for ALT: a) the vacuum oven
b) the tube oven and c) the rapid thermal annealing (RTA) oven.
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Chapter 4
Flexible shielding layers for solar cells in space ap-
plications1
Abstract
The development of flexible thin-film, high efficiency III-V solar cells enables the
design of new flexible, light-weight solar arrays for space applications. One re-
quirement for these solar panels is the replacement of the rigid cover glasses by
a flexible shielding layer. In this work three candidate materials based on com-
mercially available polyimides and synthesized polysiloxanes for such a shielding
layer are compared with respect to their applicability as shielding layers and their
optical and mechanical properties. The required coatings were produced using
polysiloxane composites based on methyltrimethoxysilane (MTMS). In addition,
these materials showed excellent optical properties and tunable flexibility and were
therefore selected for further analysis. This analysis demonstrated the possibility
to dope these materials with Ce to increase the radiation hardness. Dependent
on the applied curing method virtually no loss of volatile condensible components
is observed in outgassing tests. With these properties MBS is found suited for
further space qualification testing.
4.1 Introduction
In recent years the epitaxial lift-off (ELO) technique is increasingly recognized as
a method to reduce the costs of III-V solar cells for space applications and con-
centrator systems [23,43,90]. ELO separates single crystalline thin-film structures
from their growth template (GaAs, Ge or InP wafer) by selective etching of an
intermediate release layer [83, 89, 147–149]. Cost reduction is achieved by reusing
the expensive wafers for the production of subsequent thin-film solar cell struc-
tures [19]. It was demonstrated that the use of the ELO technique can result in
flexible, thin-film solar cells, with efficiencies equal to that of cells on their growth
substrate [22]. An example of a flexible thin-film solar cell is shown in figure 4.1.
As a result of photon confinement [29, 150], single-junction thin-film structures
with efficiencies that surpass the best performance of wafer-based cells were re-
ported [30, 42, 151]. Furthermore, the ELO technique is beneficial for an inverted
metamorphic triple-junction solar cell [13], where substrate removal is required for
the cell to operate.
1Based on: Flexible shielding layers for solar cells in space applications, J. Feenstra, R.H.
van Leest, N.J. Smeenk, G. Oomen, E. Bongers, P. Mulder, E. Vlieg and J.J. Schermer Journal
of Applied Polymer Science 133 (2016) 43661
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Figure 4.1: Flexible thin-film solar cells on a thin metal foil produced using the
ELO technique.
Most of the III-V solar cells produced nowadays are used for powering satellites.
For this application the current generation wafer-based III-V cells are mounted on
rigid aluminium honeycomb / double Carbon Fibre Reinforced Plastic (CFRP)
sheet panels for stability and covered with a glass shielding to protect the cells
from the harsh environment encountered in space (see figure 4.2a). The cover glass
typically has a thickness of 100 µm and contains approximately 2% cerium [152],
because this element absorbs the high energy UV photons encountered in space,
thereby protecting underlying layers (adhesive and solar cell). At the same time
cerium prevents damage to the borosilicate glass into which it is incorporated [153].
Radiation damage in glass produces displaced, trapped electrons, and positive
holes. This gives rise to absorption bands, since the trapped electrons form colour
centres ultimately leading to reduced transmission in the glass. The damage is
prevented by Ce(IV) ions absorbing the displaced electrons, while Ce(III) ions
eliminate the holes by electron donation.
For space applications the weight of the solar panel should be as low as possible.
The use of thin-film ELO cells on a metal foil carrier, as shown in figure 4.2, would
immediately reduce panel weight with more than 25%. In addition a much larger
weight reduction is possible on panel level since a flexible thin-film solar cell does
not require a rigid support which is currently applied. However, the current rigid
panel mount is not solely applied for the support of the brittle wafer-based solar
cell but additionally provides support for the cerium doped cover glass (CMX).
In order to facilitate the use of a light weight solar cell combined with a flexible
light weight mount, also a flexible replacement for the rigid cover glass is required.
Aiming for an equal protection at the front and the back-side of the thin-film
cell figure 4.2c shows that a weight reduction of more than 75% can be obtained
compared to the currently applied space solar panels.
For a flexible and transparent shielding layer the use of polymers is the obvious
choice. However, most polymers are not able to withstand the harsh space envi-
ronment. In particular, high energy UV radiation and atomic oxygen are expected
to be damaging to polymers. UV photons cause radical formation, leading to ma-
terial loss and the formation of chromophores, and thus giving unwanted darkening
of the polymer material [154]. Atomic oxygen (ATOX), which is present in low
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Figure 4.2: Mass distribution for different solar panel configurations: a) current
solar panel configuration, b) configuration with the wafer removed, and c) the
flexible panel configuration. The dimensions of the components are depicted pro-
portional to their mass, not to their actual thickness.
earth orbits, is also very efficient in breaking organic bonds, resulting in erosion of
the polymer structures that are supposed to protect the cell from irradiation by
charged particles [155]. In addition, the high vacuum of space is known to cause
outgassing of volatile components which can condense and thereby contaminate
other parts of the spacecraft. Therefore, it is essential to perform outgassing exper-
iments to test material stability under vacuum conditions prior to their application
in space related products.
In this study we aim to provide a first step towards transparent flexible shield-
ing layers for thin-film solar cells in space applications by selection, synthesis and
examination of several candidate materials. Based on the above described re-
quirements and material properties reported in literature, several materials were
selected and tested for their possible suitability as a transparent flexible shielding
using the currently applied CMX glass as a benchmark. Shielding is largely deter-
mined by the mass encountered by the irradiated particles, therefore, the product
of layer thickness and material density is a measure for the shielding capacity. As
the density of CMX glass (2.6 g/cm3) is typically 2 to 3 times higher than that of
the polymer layers to be evaluated, these polymer layers should be 2 to 3 times
thicker than the typical CMX cover to obtain at least equal shielding capacity. For
this reason the aim of this study is to synthesize 300 µm thick layers. In this study
we evaluate: 1) the ease of synthesis and application of the layers as a coating on
a substrate; 2) the transparency of the material in the 300-1250 nm wavelength
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range to assure optimal performance in combination with a triple-junction IMM
cell; 3) the flexibility of the layers; 4) the possibility to dope the layers with Ce,
which is known to increase shielding for CMX glass, and 5) the stability of the
materials under vacuum.
The first three issues are assessed for all selected materials, while only the
materials showing the most promising results are further evaluated with respect
to point 4 and 5. The stability of the materials under vacuum conditions should
be such that it can be space qualified, i.e. less than 0.1% weight loss by outgassing
of volatile condensible components. These vacuum test took place at the facilities
at European Space Research and Technology Centre (ESTEC).
4.2 Material selection
Three types of materials have been selected, one type of polyimide and two types
of polysiloxane, based on prior knowledge or theoretical considerations concerning
the bond strengths which should be able to withstand the conditions encountered
in space.
4.2.1 Polyimides
Polyimides are one of the few types of organic material that have proven to be UV-
resistant [156,157], and were therefore chosen as a starting material for this study.
It is known that ATOX induces mass loss by eroding the polyimide and degrades
its transparency [158, 159]. Therefore, a silica or silicone component needs to be
added, which in an ATOX environment forms a passivating silica layer when the
polyimide at the surface has been eroded. This silica layer should protect the un-
derlying polyimide from further erosion by ATOX. Recently, such hybrid materials
of polyimides and silica components have attracted much attention for the use in
space applications, mainly for use on external spacecraft surfaces (e.g. thermal in-
sulation blankets) [160]. For these applications flexible layers are desired, but they
are not necessarily transparent (most polyimides are yellow or brown in colour).
In this study we will evaluate the syntheses and applicability of an optically clear
polyimide, in which small (< 2 nm) polyhedral oligomeric silsesquioxanes (POSS)
particles are embedded [160].
4.2.2 Polysiloxanes
Another class of flexible shielding materials to be considered are polysiloxanes
(e.g. silicones). Several space qualified silicone adhesives are commercially avail-
able. These are typically used to adhere the currently applied cerium doped cover
glasses on top of solar cells. Silicones have the advantage that they form a pas-
sivating silica layer in an ATOX environment, preventing further erosion [161].
This means no additions to a polysiloxane material are needed to make it ATOX
resistant. However, they are known to darken when directly (i.e. without a cover
glass) exposed to UV light. Also, the mechanical properties change after UV expo-
sure, indicating that polymer degradation occurs most likely in the form of bond
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breaking which results in a reduction of the average chain length or a reduction
in the crosslink density [162]. SiO2 (silica or quartz) does not show visible degra-
dation upon UV irradiation, indicating that the degradation is mainly caused by
the organic groups in the silicones. This is confirmed by the work of Zimmer-
mann [163], who showed that silicones with larger organic groups, for example
phenyl groups, degrade faster. Most commercially available silicones are cured
in a platinum-catalysed hydrosilylation reaction. This results in materials with
both Si-O and Si-C-C-Si bonds in the polymer backbone and a Pt-catalyst in the
final material. UV photons have sufficient energy to induce cleavage of the C-C
or Si-C bonds, leading to decreasing polymer chain lengths, thereby changing ma-
terial properties [162]. In this process chromophore species can be formed in the
material, leading to the discolouration (darkening) of the silicone.
To avoid the presence of organic moieties (i.e. Si-C, C-C and C-H bonds) in the
polymer backbone of polysiloxanes, we have applied a sol-gel reaction for the syn-
thesis of polysiloxanes. This synthesis procedure should result in a polymer that
has a backbone that consists only of Si-O-Si groups, so that upon UV exposure the
polymer chain length does not decrease. This material still contains methyl groups,
which is unavoidable if a flexible material is desired (without the methyl groups
amorphous silica is formed). However, these organic groups are only present as
side-groups, not in the polymer backbone and the number of them is minimized.
Two types of polysiloxane based materials are studied for their possibilities to
be applied as a shielding layer. The first type is a silica-silicone hybrid based
on tetraethoxysilane (TEOS), which is a known silica component for transpar-
ent hybrid organic/inorganic networks [164], combined with polydimethoxysilane
(PDMS). The synthesis of this TEOS-PDMS combination was previously demon-
strated by Mackenzie et al., [165]. The second polysiloxane type material to be
studied involves a methyltrimethoxysilane (MTMS) based siloxane (MBS) and is
chosen because their flexibility was reported to be tunable depending on the type
and concentration of unreactable side-group components [166,167].
4.3 Experimental
The goal of this work is to create a shielding layer that can be cast directly on top
of a solar cell in a single step procedure. While in practice the shielding layer will
always be on a carrier (e.g. the solar cell), it is more convenient for the character-
ization of the synthesized materials to use free standing films. Therefore, where
possible, free standing films were synthesized in this work. Since the stopping
power of the shielding layer depends mainly on the thickness and density of the
material, ergo the mass encountered by the radiation, for each material proposed
here, a density study determines the desired thickness of the films. Thereby, pro-
tective possibilities should be at least similar to those of the currently used CMX
cover glass in the rigid panel configuration.
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4.3.1 Synthesis and application
POSS films
The polyimide-POSS was obtained in powder form from a commercial supplier
(Corin XLS from ManTech). After dissolving it in methyl isobutyl ketone (typi-
cally 1:4 w/w of polyimide to solvent), it was casted or spin coated onto a sub-
strate to produce films of varying thickness. A single spin coating step (1000 rpm)
resulted in layers of 5 to 10 µm. Successive spin coating runs were applied to ob-
tain films with thickness up to 30 µm. To achieve thicker layers multiple casting
steps were applied (each casting step added approximately 25 µm) to obtain films
with a final thickness of 50-200 µm (density analysis indicated that about 170
µm polyimide-POSS layer thickness is required to obtain a similar shielding level
as 100 µm CMX cover glass). The films were kept in a cleanroom environment
during spin coating/casting and intermediate drying steps to minimize contami-
nation of the surface before a new layer was casted on top. Glass slides were used
as substrates to facilitate measurements of spectrally resolved transmission. The
adhesion of the films to the substrate on which they were produced was such that
they could not be removed. Therefore, plastic substrates (cellulose acetate) were
used to produce samples fit for bend radius testing, which is justified since in the
final application the polyimide layers are also intended to serve as a coating layer
on a flexible carrier.
TEOS-PDMS films
For the synthesis of the silica-silicone hybrid material tetraethoxysilane (TEOS)
and hydroxyl-terminated polydimethoxysilane (PDMS, average weight 550 g/mol)
were mixed, in various ratios ranging from 2:1 to 1:2, in a mixture of iso-propanol
(IPA) and tetrahydrofuran (THF) [168]. The ratio of TEOS to PDMS determines
the flexibility of the end-product. THF prevents phase separation of the PDMS
chains, and IPA of the water (which is added in the next step). To this mixture of
precursors and solvents either HCl or NH4OH solutions of various concentrations
were added. The amount of the NH4OH or HCl solution added was chosen such
that the ethoxy group to water ratio was 1:1.5, i.e. an excess of water. In figure
4.3 an overview is shown of the reactions taking place as well as the final product:
a hybrid material of small silica particles interconnected by PDMS chains. The
mixture was stirred for 1 to 5 hours at room temperature, while the beaker was
covered with aluminium foil to minimize evaporation of the solvents. After stirring
the liquid was placed in a vacuum desiccator to evaporate part of the solvents and
was subsequently cast in polystyrene petri-dishes. After drying the films were
removed from the petri-dishes and the up to 2 mm thick outer rim of the samples
formed by the meniscus was cut away to obtain free-standing films with a thickness
in the range of 200-300 µm.
During the sol-gel formation of TEOS-PDMS films, both acidic (HCl) and
basic conditions (NH4OH) were evaluated (see reaction 1 in figure 4.3). It was
observed that under basic conditions, on the time scales used for the experiments,
no polymerization took place. Possibly the pH was not high enough to efficiently
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Figure 4.3: Reactions taking place in the formation of TEOS-PDMS. Reaction 1
is the acid- or base-catalysed hydrolysis of the TEOS ethoxy groups into hydroxyl
groups. Subsequently, in a polycondensation reaction the silanol groups of both
PDMS and the hydrolysed TEOS condense to form Si-O-Si bonds (reaction 2).
In the TEOS-PDMS end product the condensed TEOS particles are depicted for
simplicity as SiO2.
catalyse the hydrolysis reaction of the ethoxysilane to the corresponding silanol, or
the hydrolysis of the formed siloxanes bonds to the corresponding silanol becomes
significant enough to inhibit complete condensation. On the other hand, acid
catalysed hydrolysis proved very efficient in obtaining solid films. The use of
various amounts of hydrochloric acid concentrations did not noticeably affect the
end product. Therefore in this work, a 3.3 M hydrochloric acid solution was used
to synthesize all coatings for further testing.
After sol-gel formation, a condensation reaction (2 in figure 4.3) of hydrolysed
TEOS with either itself or with the hydroxyl terminated PDMS results in the
TEOS-PDMS final product. The gelation and curing of the resulting gels was done
in a controlled, slow manner to avoid cracking of the films, which was observed
upon rapid curing in open air. Crack free films were obtained by placing the
petri-dishes in a closed chamber with an IPA and THF saturated vapour phase
as obtained by also enclosing a beaker filled with an IPA/THF mixture. To tune
the flexibility, coatings with a TEOS:PDMS ratio ranging from 2:1 to 1:2 were
produced. Even after drying most of the films still were somewhat sticky, greasy
and soft, especially if a high PDMS content was used. On the other hand, the
layers could easily be lifted from the substrate on which they were casted so free
standing films were obtained for the transparency and bend-radius analyses. In
fact due to the large volume contraction upon solvent evaporation the adhesion
to any substrate appeared so poor that an additional adhering medium will be
required if the TEOS-PDMS films are applied as a flexible protection layer on
thin-film solar cells.
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MBS films
The main precursor for the synthesis of the MBS films was methyltrimethoxysilane
(MTMS), to which one of the other precursors tetramethylorthosilicate (TMOS),
dimethyl-dimethoxysilane (DMDMS) and phenyltrimethoxysilane PhTMS was
added, depending on the desired material properties. In this study a typical syn-
thesis uses at least 75% MTMS precursor.
For the synthesis the mixture of precursors was heated to 100◦C in a Teflon
beaker using an oil bath. Subsequently, a HCl solution in water was added, the
amount of this was chosen such that the water to methoxyl ratio is 0.5 to ensure
that half the methoxyl groups per silicon can hydrolyze. This mixture was covered
by aluminium foil and stirred for 4 to 15 minutes until the viscosity starts to in-
crease. An overview of the reactions taking place and the end product are depicted
in figure 4.4. Again, a hydrolysis (3) takes place first, followed by the condensation
reaction (4) of the hydrolyzed precursor with either another hydrolysed silane or
with a methoxyl group of an unhydrolysed silane.
After stirring, the solution was placed in a vacuum desiccator for 1 minute to
evaporate most of the methanol (which forms during synthesis) and water, and
was subsequently cast into a petri-dish (with vents) and placed in an ambient
environment. This resulted in films of typically 300 µm thickness, which after
curing did not feel soft or sticky.
Figure 4.4: Reactions taking place in the formation of MBS. Reaction 3 is the
hydrolysis of methoxy groups by water to form hydroxyl groups on the precursor
molecules (as shown for MTMS). Subsequently, in a condensation reaction the
hydroxyl groups can react with each other (reaction 2 in figure 4.3) or a hydroxyl
group can react with an unhydrolysed methoxy group (reaction 4) to form Si-O-Si
bonds. The end product is MBS and is schematically shown for the case where
only MTMS is used as precursor.
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When HCl was used as the catalyst for the hydrolysis MBS films were formed
in a reproducible manner. Increasing the HCl concentration resulted in faster
reaction times (i.e. the time it takes for the viscosity to increase noticeably), but
no significant differences were found in the resulting films. All the coatings used
for further study in this work were synthesized using a 10−2 M HCl solution. In
contrast to the synthesis of TEOS-PDMS films, no organic solvent was required
for the synthesis of MBS films. The methanol formed during the hydrolysis step
of the MBS precursors acts as a solvent, eliminating the need to add additional
solvents. Vigorous stirring and elevated temperatures were used to mix the water
and precursors (at least partly) to start the hydrolysis reaction. Because of the
more reactive nature of the methoxy moieties, compared to the TEOS-PDMS
reaction, condensation was quite efficient, resulting in a cured product with less
reactive groups, which in turn resulted in more firm films that are not sticky. The
higher reactivity of this precursor is a result of the ability of a silanol to react with
methoxy silanes as well as other silanols, in contrast to the ethoxysilanes, which
are not able to condense with silanols. An advantage of this reaction is that it
allows further cross-linking of the material even when the viscosity rises, since an
unreacted hydroxyl group does not necessarily require another hydroxyl group to
be close, a methoxy group also works. This mechanism is expected to reduce the
amount of reactive groups present in the extendedly cured material.
The exact stirring time required was found to be dependent on the composition
and the amounts of precursors added. In general it was observed that reactions
involving MTMS+TMOS go faster than those with MTMS+DMDMS. This can
be attributed to the higher reactivity of the TMOS precursor (i.e. a higher number
of methoxy groups per silicon atom increases reactivity). Also, for larger amounts
of precursors (while using the same beaker) the evaporation of methanol proceeds
more slowly, since the area to volume ratio is lowered, hence the viscosity increases
slower. However, no noticeable differences in the mechanical properties of the final
product were found when the synthesis takes longer. Since no additional solvents
are added in this synthesis, the volume contraction due to solvent evaporation
during drying is reduced to a minimum. Therefore it was not necessary to apply
a slow well-controlled drying procedure, so that this material can be handled a
few hours after synthesizing it. Also, casting onto various substrates can be done,
although for the characterization described here we used only free standing films.
Cerium doping
As will become clear from the transmission and flexibility assessments, MBS was
found to be the most promising candidate for further evaluation (see figure 4.4).
Therefore the possibility to produce cerium doped MBS layers was investigated.
The cerium precursors used for this purpose were Ce(NO3)3 · 6H2O and CeCl3 ·
7H2O as Ce(III) source, and Ce(NH4)2(NO3)6 as Ce(IV) source. A concentration
of 0.1 to 2 wt% of Ce precursors were mixed with the MBS precursors (see 4.3.1)
after which the beaker was placed in the oil bath. The cerium compounds as such
did not dissolve in the MBS precursors, but did so when the HCl solution was
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added. Ce(IV) is an oxidizing agent, so directly after adding the HCl solution a
violent reaction occurred for a few seconds.
The synthesis with Ce(IV) was observed to proceed faster than those with
Ce(III) precursors, which was comparable to the rate of the regular MBS synthesis,
probably due to the stronger Lewis acid character of the Ce(IV) species. In some
cases the reaction resulted in opaque films (indicating particle formation), this
mainly happened when DMDMS was used as one of the MBS precursors or CeCl3
· 7H2O as cerium precursor. Therefore, all Ce-MBS coatings synthesized for further
analyses were obtained using a 10:1 mixture of MTMS:TMOS and by only utilizing
the Ce(NO3)3 · 6H2O and Ce(NH4)2(NO3)6 precursors.
Characterization techniques
After synthesis and a first inspection by the naked eye, films of the obtained
polymer layers were first subjected to transmission measurements using a Varian
Cary 5000 UV-Vis-NIR spectrophotometer. No refractive index matching medium
was used during these measurements, so besides absorption in the film we should
also account for reflections at the coating surfaces. This means that without
any absorption in the films the transmission measured was approximately 93%
(the refractive index of the films is about 1.43). Furthermore, all the results
of the transmission analysis are presented together with the transmission of a
CMX benchmark. This benchmark reference is the Ce doped CMX cover glass as
typically applied in the present generation of rigid solar panels.
After the non-destructive transmission analysis the flexibility of the obtained
polymers was evaluated. For this purpose the films were simply bended around a
set of cylinders with radii decreasing from 10 to 0.5 cm. After bending the film
around a cylinder in two perpendicular directions the film was visually inspected
before it was subjected to bending around the next smaller cylinder until signs of
layer deterioration such as cracking or permanent deformation were observed.
Finally only for the most promising materials with respect to ease of produc-
tion, transparency and flexibility, samples were produced that were subjected to
outgassing tests at the facilities of the European Space Agency at ESTEC. A test
procedure has been developed in which the coatings were subjected 24 hours to an
elevated temperature of 125◦C in high vacuum (pressure < 10−5 mbar). During
this treatment a cold plate, which was kept at 25◦C, was located in the vicinity
(approximately 15 mm) opposite to the samples in order to collect condensates.
After the vacuum heat treatment the films were allowed to recover for 24 hours
under ambient conditions to re-establish the initial water film on the coating. The
weight of the films was determined directly before and after the vacuum plus heat
treatment and after recovery. From this the Total Mass Loss (TML) and Recov-
ered Mass Loss (RML) after testing and subsequent recovery were determined.
Also the mass of the Collected Volatile Condensable Material (CVCM) at the cold
plate is determined. Before and after the vacuum test the samples were stored in
a humidity controlled environment at 55% relative humidity. It should be noted
that on earth everything in an ambient environment is covered with a thin layer
of water which evaporates while entering space. However, water is not harmful
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Figure 4.5: Transmission spectra of polyimide-POSS films of different thicknesss
(as indicated at the curves) on glass substrates. For reference, the transmission of
a 100 nm CMX coverglass, which is currently used for space solar panels, and the
used glass substrate are also shown.
because it does not condense on any other part of the spacecraft, therefore in an
outgassing test for space qualification one must be able to distinguish between
the loss of water from the coatings and the loss of other products that potentially
might be harmful. For space qualified materials RML has to be below 1% and
CVCM has to be below 0.1% [169].
4.4 Material analyses and discussion
4.4.1 Transmission and flexibility
Polyimide-POSS
In figure 4.5 the transmission curves of polyimide-POSS films of various thicknesses
produced on glass substrates are shown, together with the transmission of the
bare glass substrate and a CMX reference. In the wavelength range up to 450
nm, the transmission of the polyimide-POSS films is significantly less than the
transmission of the CMX cover glass reference, especially as the layer thickness
increases. Depending on the thickness of the coating investigated, this results in
a 23% to 45% loss of photons in the 250-660 nm wavelength range (the cut-off
wavelength for an InGaP solar cell is approximately 660 nm in a triple-junction
cell), compared to a 21% loss with a CMX cover glass in this wavelength range.
Since the InGaP top cell is typically current-limiting in a triple-junction solar cell,
the transmission data indicate that applying a polyimide-POSS layer as flexible
49
 0
 20
 40
 60
 80
 100
 200  400  600  800  1000
T r
a n
s m
i s
s i
o n
 ( %
)
Wavelength (nm)
CM
X 
gl
as
s
best for all ratios
1
2
1.5
Figure 4.6: Transmission spectra of TEOS-PDMS films with a thickness of about
250 µm produced with TEOS/PDMS ratios of 1, 1.5 and 2. For each ratio the
worst samples out of a batch of 5 are shown. The transmission curves for the best
samples for each ratio are highly comparable and represented by the continuous
black curve. For reference also the transmission curve of a CMX cover glass is
shown.
shielding coating will significantly reduce the performance of such cells, even if the
material does not degrade at all in a space environment. A set of polyimide-POSS
films with a thickness up to 200 µm produced on plastic foil was subjected to
bend testing. For this study it was found that all films could be bent to a radius
of curvature of at least 0.5 cm without breaking. Since one of the most transparent
polyimides available was selected, the transmission analysis clearly indicates that
polyimide-POSS coatings are not suitable as a flexible shielding layer for future
space solar panels. Due to their low transparency, polyimide-POSS materials may
only be useful for space applications if no light transmission through the material
is required.
TEOS-PDMS
The TEOS-PDMS sol-gel synthesis resulted in films that ranged from fully trans-
parent in the visible part of the spectrum, to white opaque films with a reduced
transmission mainly at low wavelengths. In figure 4.6 several transmission curves
of free-standing TEOS-PDMS layers with a thickness of about 250 µm are shown.
The coatings were produced with TEOS/PDMS ratios of 1, 1.5 and 2 in batches
of five. Irrespective of the TEOS/PDMS ratio the best films of each batch have
a similar transmission characteristic as shown by the black curve in figure 4.6.
However, the transmission of the coatings within each batch varied considerably,
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as is shown by the worst sample of each batch in figure 4.6. In some cases the films
were even completely opaque, so that no light was transmitted. The differences in
transparency between films are attributed to the formation of small silica particles
that reflect the light. This particle formation took place without any apparent
relation to the parameters that were controlled during the synthesis, such as the
composition of the material (i.e. the ratio of TEOS/PDMS), nor to the amount
of solvent or HCl solution added.
A set of 300 µm thick films was subjected to bend testing. All films can be
bent to a radius of curvature of 2 cm without breaking, while the more flexible
films (TEOS:PDMS ratio equal or smaller than 0.6) can be bend to a radius of 1
cm. A smaller bend radius resulted in cracking of the films.
It could be concluded that, although the transmission analysis and bending
tests indicate some perspective for TEOS-PDMS films as flexible shielding layers
for future space solar panels, there are also some major shortcomings from the
production point of view. Because the solvents needed to avoid phase separation
during TEOS-PDMS synthesis had to evaporate in a slow and controlled manner
to avoid cracking of the films, the drying time required for the coatings was found
to be quite long (up to a full week) and even then most coatings felt somewhat
greasy. In addition, the large volume contraction makes it difficult to cast adhering
films of reproducible thickness and quality on a substrate. It also made it harder
to cast films on substrates, since the large volume contraction induces stress in the
film which frequently resulted in cracking or delamination.
MBS
To the naked eye all synthesized MBS films appear highly transparent. This
was confirmed by the transmission spectra of 300 µm thick MBS films as mea-
sured for different compositions (figure 4.7). Clearly, the transmission of all MBS
compositions is high over the relevant wavelength range, i.e. the near-infra-red,
visible and UV. The transmission spectra of the MTMS, MTMS:TMOS (5:1) and
MTMS:DMDMS (5:1) films are virtually identically and therefore represented by
a single curve in figure 4.7. When the PhTMS precursor is used the character-
istic phenyl absorption band around 220-300 nm is observed. For higher phenyl
contents (MTMS:PhTMS 5:1) this results in a total cut-off of the transmission
for wavelengths below 275 nm. However, even for those films the transmission is
still much better than that of CMX cover glasses, for which transmission already
cuts-off around 350 nm. In the larger wavelength range up to 1250 nm, relevant
for triple-junction IMM solar cells, only a characteristic silicone absorption band
of weak intensity around 1180 nm is found (see extension of figure 4.7), otherwise
the MBS material is fully transparent. Similar silicone absorption bands were ob-
served in the adhesives currently used for mounting the CMX cover glasses and
should therefore be no problem for use of MBS on top of a solar cell.
No opaque films were formed, even when the synthesis conditions were varied,
this means there is a large process window to tune the material’s properties in
order to comply with the demands for a flexible shielding layer. Indeed it was
found that properties like the flexibility can be tuned by adding various amounts
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Figure 4.7: Transmission spectra of five MBS films of different composition and a
CMX coverglass reference.
of TMOS, DMDMS, or PhTMS to the base precursor MTMS. Adding TMOS
yielded more silica like material (making it more rigid, by reducing the amount of
methyl groups), while adding DMDMS yielded more PDMS like material (increas-
ing the flexibility). Using PhTMS resulted in phenyl groups being incorporated,
which is not necessarily beneficial for the stability of the material in the environ-
ment encountered in space, but is expected to be advantageous for the mechanical
properties, especially at low temperatures [170].
The compositions for which the flexibility was tested range from MTMS:TMOS
4:1 as most rigid up to MTMS:DMDMS 4:1 as the most flexible one. Also coatings
which contained PhTMS were tested. The films had a thickness of approximately
300 µm. All films could be bend to a radius of curvature of 2 cm without breaking,
while the most flexible films (at least 10% DMDMS) could be bend to a radius of
0.5 cm. Although phenyl groups make the films tougher to bend, incorporation
of these groups does not change the bend radius that could be achieved before
cracking of the film.
4.4.2 Further analyses of MBS films
Given the ease of synthesis, high transparency and flexibility, MBS layers are a very
promising candidate to be applied as flexible shielding cover on future space solar
panels. To determine the performance in relation to the CMX glass benchmark
the required thickness of the MBS layers, possibility for Ce doping and vacuum
stability of this material were evaluated in more detail.
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Figure 4.8: Density of MBS films as a function of the composition. CH3:Si on
the bottom axis and CH3O:Si ratio on the top axis. A lower CH3:Si ratio means
that on average a higher number of cross-links can be formed per silicon atom.
Adversely, the CH3O:Si ratio indicates the amount of possible side groups per
Si-atom. The line represents the best linear fit through the data points which is
averaged over a minimum of 5 samples.
Density
Material density analysis (figure 4.8) shows that the density of MBS films is sig-
nificantly lower than that of CMX glass, which has a density of 2.6 g/cm3, but
can be tuned by varying the materials composition. The CH3:Si ratio in figure
4.8 is the average number of CH3 groups per silicon atom. This ratio is 1 for a
100% MTMS film (and those with PhTMS), and will go down if TMOS (CH3:Si
= 0) is added or up if DMDMS (CH3:Si = 2) is used. A lower ratio also means
that a higher number of cross-links can be formed, this explains the increasing
density with the lowering of the CH3:Si ratio. Gutina et al. [171] suggested that
the CH3:Si ratio has to be equal to or larger than 1 to obtain crack-free films.
However, by applying a methanol saturated vapour surrounding during drying for
samples produced with more than 25% TMOS (CH3:Si = 0.75) we managed to
synthesize 300 µm thick crack-free films with a CH3:Si ratio of 0.5.
Ce doping
During the reaction in the HCl solution and directly after casting, it was noticed
that MBS with Ce(IV) was yellow-red (but transparent) in colour while the Ce(III)
films were nearly colourless. During subsequent room temperature curing the
colour of Ce-MBS changed to light brown, independent of the type of Ce precursor
used. The tested Ce-MBS films were all transparent and showed a slight brown
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Figure 4.9: Transmission spectra of two MBS films with 1% Ce(III) (blue lines) or
Ce(IV) (black lines) incorporated, for different curing times and methods. Both
films have a thickness of approximately 250 µm. Indications stand for directly
after casting (cast), after being stored for one week in an ambient environment
(amb), cured for 16 hours at 75 ◦C (indicated) in a nitrogen environment, cured
for 4 hours at 150 ◦C (indicated) in vacuum. Additionally shown an undoped MBS
film.
colour, especially if a cerium content of more than 0.5% was used. In figure 4.9
the transmission spectra of two MBS films are shown, one synthesized with a 1%
Ce(III) and one with a 1% Ce(IV) precursor. It is known from literature [172] that
the oxidation state of cerium can change during synthesis and subsequent curing.
Therefore, the transmission of these two Ce-MBS films was measured a few hours
after casting i.e. as soon as the coatings were not sticky anymore and could be
handled with ease, and after a number of subsequent curing steps taking place at
increasingly higher temperatures. These curing steps are respectively i) a week
under ambient conditions ii) 16 hours at 75◦C in a nitrogen environment and iii)
4 hours at 150◦C in vacuum. After passing the last step the films will be referred
to as extendedly cured.
figure 4.9 shows that there is a significant difference in transmission between
the films. Directly after casting and after a week of curing under ambient (amb)
conditions the Ce(III) film clearly shows absorption due to the 4f → 5d transi-
tions around 250 and 300 nm. Related to the strong charge transfer absorption
the Ce(IV) doped coatings show a 50% transmission cut-off (wavelength for which
the transmission is 50%) at significant larger wavelength (about 400 nm) than the
Ce(III) and undoped films. After curing under ambient conditions the transmis-
sion cut-off shifts to a lower wavelength of about 370 nm, presumably due to a
change in the chemical surrounding of the cerium ion. After curing the films for
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Figure 4.10: The 50% transmission points as a function of the cerium percentage
in the extendedly cured (1 week ambient + 16 hours at 75 ◦C + 8 hours at 150
◦C) Ce-MBS films, also shown is 50% transmission for CMX glass. The thickness
of the Ce-MBS films is approximately 250 µm and that of CMX glass is 100 µm.
The lines serve to guide the eye.
16 hours at 75◦C in a nitrogen environment the transmission cut-off of the Ce(IV)
doped coatings does practically not change as compared to curing under ambient
conditions while the transmission cut-off of the Ce(III) doped coatings increases
significantly to about 350 nm. Curing the films for 8 hours at 150◦C in vacuum
resulted in virtually identical transmission spectra with a transmission cut-off at
380 nm. Apparently, during curing (part of) the Ce(III) oxidises to form Ce(IV)
oxides, so that due to the strong charge transfer absorption of Ce(IV) all high
energy photons were absorbed.
Figure 4.10 shows the 50% transmission cut-off wavelength for MBS films as a
function of their Ce concentration. When the concentration of cerium is lowered,
the transmission cut-off initially remains more or less constant until at doping
levels below 0.7% the cut-off shifts to lower wavelengths. The coatings used for
this figure were all extendedly cured, i.e. subjected to all the previously mentioned
curing steps and gave virtually identical results for both Ce-precursors. For the
lowest concentrations of cerium, the Ce(III) absorption feature of the 4f → 5d
transitions around 250 nm remained visible, even after curing. This indicates that
only part of the cerium oxidises to Ce(IV) and if a Ce(IV) precursor is used it
partly converts to Ce(III). The exact percentage of cerium in CMX is not revealed
by the vendor, but is expected to be at least 2% [167]. The relative low cut-off
wavelength of the CMX coating is related to the fact that it is 2.5 times thinner
than the MBS coatings and possibly also to differences in chemical surrounding
of the cerium compounds. No change in flexibility was observed in MBS films as
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Curing conditions TML (%) RML(%) CVCM(%)
16h 75 ◦C 3.29 0.10 0.06
16h 75 ◦C 1.47 1.38 0.03
1h vac 150 ◦C
16h 75 ◦C 0.31 0.22 0
8h vac 150 ◦C
Table 4.1: Total Mass Loss (TML), Recovered Mass Loss (RML) and Collected
Volatile Condensable Material (CVCM) after outgassing tests of MTMS:DMDMS
(1:1) coatings cured for various durations at different temperatures under vacuum.
Composition CH3O:Si TML (%) RML(%) CVCM(%)
MTMS:TMOS (4:1) 3.2 1.95 0.22 0
MTMS:TMOS (10:1) 3.1 1.00 0.31 0
MTMS 3 0.26 0.12 0
MTMS:DMDMS (10:1) 2.9 0.20 0.12 0
MTMS:DMDMS (4:1) 2.5 0.30 0.19 0.01
Table 4.2: Total Mass Loss (TML), Recovered Mass Loss (RML) and Collected
Volatile Condensable Material (CVCM) after outgassing tests for coatings of differ-
ent compositions as identified by the CH3O:Si ratio of the initial mixture. Before
testing the films were cured for 16 hours at 75 ◦C and subsequently for 8 hours at
150 ◦C.
a result of the incorporation of cerium, meaning a bend radius of 2 cm could be
achieved without breaking of the films.
Vacuum stability
Based on ease of syntheses and application, high transparency, good flexibility and
proven suitability for Ce doping, MBS shows to be the most promising material
of this study to be applied as a flexible shielding layer for solar cells in space
applications. Therefore, three batches of MBS films (without Ce doping) were
produced as described in paragraph 3.2. and subjected to the above described
outgassing procedure in order to determine a curing method that yields space
qualified films with respect to vacuum stability.
In tables 4.1 and 4.2 the results of the measurements are shown, the first
showing a coating of MTMS:DMDMS (1:1) which was cured increasingly longer
and at higher temperatures. Clearly the coating shows a decreasing TML and RML
upon intensified curing. When all the reactive groups of the precursors react, the
mass of the resulting MBS film is 50% of the mass of the precursors, due to the
formation of methanol (and some water). The 0.1% mass loss in the outgassing
experiments is therefore most likely due to evaporation of methanol that is still
present in the film after curing at 75 ◦C. Table 2 shows different compositions of
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materials ordered according to their methoxyl-to-silicon ratio (first column), which
indicates the reactivity of the starting materials: the higher the ratio the more
reactive the precursor. A methoxyl-to-silicon ratio above 2 means the precursor
mixture has possibilities to form side-chains (cross-links) and is expected to form
these increasingly with increasing ratio. However, since the formation of cross-links
also depends on the diffusion of forming chains in the reaction mixture and curing
product, not all methoxyl groups might have reacted during synthesis and curing.
Therefore, it is possible that some remaining methoxyl groups evaporate during
outgassing tests, since they are more easily evaporated than for example the more
covalent bonded methyl groups. However, since they refrain from condensing it is
considered unimportant and we focus on CVCM as the most important parameter
in this study.
The CVCM was below 0.1% for all coatings shown in tables 4.1 and 4.2. In fact
the CVCM was zero for all but 3 samples. These particular films contained a high
percentage of DMDMS which is the least reactive precursor (containing only two
methoxyl groups) and is one that does not form crosslinks. Therefore, the CVCM
detected is likely to be either unreacted DMDMS, or short linear chains that can
evaporate in vacuum. When more intense curing is performed, however, even these
films show a CVCM of near 0%. Since the CVCM is zero for most samples, the
RML should almost fully be attributed to the evaporation of methanol and water
formed during synthesis, since these, just as ambient water, do not condense on the
cold plate. This is further confirmed by the fact that the coatings produced with
TMOS show a significantly higher level of TML compared to the other coatings.
The outgassing tests show that curing the films in vacuum at elevated temper-
atures for 8 hours will evaporate most of the volatile reaction products beforehand.
It also shows that the evaporated molecules are unlikely to condense on nearby
surfaces of a satellite (i.e. CVCM is zero), meaning that the evaporation of sol-
vents in space should not be a problem. For the outgassing tests the films were cut
into small pieces, so no flexibility measurements could be performed afterwards.
Therefore MBS coatings were also kept under high vacuum and at elevated tem-
peratures to simulate the conditions during the outgassing tests at ESTEC. After
the vacuum treatment the flexibility of the films had not changed indicating that
evaporation of the solvents in the samples has no noticeable effect on the flexibility
of the films.
These measurements indicate that, in this phase of development, MBS is suited
for further space qualification testing at ESA-ESTEC without the risk of contam-
inating the required dedicated equipment. In fact part of these tests involving
irradiation hardness and UV stability tests have already been performed and the
results are reported elsewhere [44]. The current study indicates that further re-
search on MBS should also include tuning of the Ce doping level in relation to the
circumstances encountered for each particular mission in order to optimize output
of the PV-system.
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4.5 Conclusion
In this study three candidate materials that potentially can be applied as a trans-
parent shielding layer for the next generation of flexible space solar panels have
been identified and studied for their suitability. The materials were compared with
respect to their applicability to produce 200-300 µm thick (adhering) coatings and
their optical and mechanical properties as determined by UV-Vis transmission
spectroscopy and bending tests respectively.
Polyimide-POSS based films showed a more than sufficient flexibility (bending
radius less than 0.5 cm). However, the material was found unsuited because the
transmission loss in the wavelength range covered by the InGaP top cell of present
space PV-cells is more than twice as high as the currently applied CMX cover
glasses.
For a wide range of compositions the best TEOS-PDMS based films are highly
transparent in the investigated 200 to 1250 nm wavelength range (significantly
better than CMX glass) and have sufficient flexibility (bending radius of 300 µm
thick films is less than 2.0 cm). However, the solvents required to avoid phase
separation during synthesis of the materials give rise to a large volume contraction
which made it virtually impossible to cast adhering films of reproducible thickness
and quality on any type of substrate. In addition the smallest irregularities during
synthesis and subsequent curing resulted in less transparent and even fully opaque
white films (probably due to the formation of small silica particles) and cracking
of the films. TEOS-PDMS might therefore in theory be suitable as a flexible
transparent shielding layer for space solar panels, but will be hard to apply in
practice.
On the other hand casting of MBS films of reproducible thickness and quality
was found to be relatively easy. The coatings are almost fully transparent in the
investigated 200 to 1250 nm wavelength range. All free standing films with a
thickness of approximately 300 µm have a bend radius of 2 cm or smaller and
can be tuned by varying the composition of the precursors during synthesis. In
addition it was demonstrated that cerium (used in currently applied CMX glass to
increase radiation hardness) can be effectively incorporated during MBS synthesis
without influencing the mechanical properties of the films. Finally, all batches of
cured MBS films have passed the vacuum stability tests so that this material can
be subjected to further space qualifications tests without the risk of contaminating
the required dedicated equipment.
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Chapter 5
Effects of Cu diffusion in GaAs solar cells for space
applications1
Abstract
High efficiency, thin-film Epitaxial Lift-Off (ELO) III–V solar cells offer excellent
characteristics for implementation in flexible solar panels for space applications.
However, the current thin-film ELO solar cell design generally includes a copper
handling and support foil. Copper diffusion has a potentially detrimental effect on
the device performance and the challenging environment provided by space (high
temperatures, electron and proton irradiation) might induce diffusion. It is shown
that heat treatments induce copper diffusion. The open-circuit voltage (Voc) is
the most affected solar cell parameter. The decrease in Voc can be explained by
enhanced non-radiative recombination via Cu trap levels in the middle of the band
gap. The decrease in Voc is found to be dependent on junction depth. In all Cu
cells annealed at T ≥ 300◦C signs of Cu diffusion are present, which implies that
a barrier layer inhibiting Cu diffusion is necessary. Electron radiation damage was
found to have no influence on Cu diffusion.
5.1 Introduction
With the Epitaxial Lift-Off (ELO) technique III–V solar cell structures can be
removed from their growth substrates, utilizing a sacrificial AlxGa1-xAs layer that
can be removed by a selective etch process [148,173]. In this way thin, lightweight
and flexible solar cells are created, with efficiencies equivalent to or even larger
than substrate based solar cells [21, 22, 30, 42]. These characteristics make ELO
III–V solar cells excellent candidates for implementation in solar panels for space
applications [43]. Due to the additional flexibility new light-weight panel designs
become available [45] and the launch costs would be reduced due to the lower
weight. The ELO process allows for re-use of the expensive GaAs or Ge substrates
[19, 21], which would reduce the cost of the cells themselves as well. At the same
time the challenging environment provided by space (vacuum, UV irradiation, high
energy electron and proton irradiation, temperature cycling) imposes additional
challenges in thin-film solar cell design and preparation.
The main potential disadvantage of our current thin-film ELO Gallium Ar-
senide solar cell design, is that it includes a copper handling and support foil [45].
Copper is notoriously known as a fast diffuser in many semiconductors, including
1Based on: Effects of Cu diffusion in GaAs solar cells for space applications, R.H. van Leest,
G.J. Bauhuis, P. Mulder, R. van der Heijden, E. Bongers, E. Vlieg and J.J. Schermer Solar
Energy Materials & Solar Cells 140 (2015) 45–53
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GaAs. It is generally assumed that diffusion of Cu into a semiconductor device
has detrimental effects on the operation of such a device, most likely because Cu
introduces a trap level in the band gap [58]. Such a trap level is a potential
non-radiative recombination pathway [64, 102]. However, while Cu diffusion and
the effects of Cu in large semiconductor crystals are described elaborately in lit-
erature [50–55, 57, 174–183], there is virtually no literature on the effects of Cu
diffusion on semiconductor devices such as solar cells.
The scarce literature available on the device performance under influence of Cu
diffusion may involve deliberate doping of the semiconductor material with Cu [60]
or incorporation of Cu during preparation of the semiconductor material itself [61–
63]. Such approaches are not useful if one wants to understand what happens when
copper (or an other impurity) enters the III–V solar cell material gradually over
time. Secondly, there is the issue of material quality. Already in 1974 Hasegawa et
al. found that diffusion in large semiconductor crystals is more pronounced than in
epitaxial layers [59], most likely due to the better crystal quality of the latter. As
material quality of epitaxial GaAs has been strongly improved by the introduction
of MOCVD, it may well be that a traditional description of Cu diffusion in large
GaAs crystals is not applicable to a modern MOCVD grown GaAs solar cell.
From the challenging conditions provided by space, the temperature cycles
(particularly the higher maximum temperature 70-100◦C) are most likely to en-
hance copper diffusion, as diffusion is known to be strongly temperature depen-
dent [55]. Additionally electron and proton irradiation may also affect copper
diffusion, since electron and proton irradiation create defects in the solar cell ma-
terial [104] and diffusion in large semiconductor crystals is known to depend on
interaction with vacancies [52]. Therefore it seems plausible that an increased
amount of defects (such as vacancies) enhances Cu diffusion. UV irradiation and
vacuum, the other typical space conditions, are assumed to have no influence on
the diffusion process. UV irradiation is expected to affect mainly the protective
cover glass and the vacuum is generally associated with delamination issues.
Depending on the exact mission requirements a space solar panel is expected
to operate properly for at least 10-15 years in space. This means that for testing
purposes the ageing process needs to be accelerated. For irradiation tests the usual
approach is to expose solar cells to a dose equivalent to the dose experienced during
15 years in space [104, 184]. But for investigation of temperature effects, there is
not such a standard approach. In general elevated temperature accelerated life
testing is assumed to be an excellent method to mimic the ageing of a device. It is
assumed that operation over a long period of time at a (relatively) low temperature
is equal to operation for a much shorter time at a higher temperature. This can
be described with an Arrhenius model [144]:
t (Tuse)
t (Tacc)
= exp
[
Ea
k
(
1
Tuse
− 1
Tacc
)]
, (5.1)
in which Tuse is the (average) temperature at which the device will be used and
Tacc is the temperature of the accelerated life test, k is the Boltzmann constant,
Ea is the activation energy and t(Tuse) and t(Tacc) are the times t at Tuse and
Tacc after which the device has reached a predefined amount of degradation.
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The main issue with this method is that determination of the activation energy
is time consuming and requires a large number of samples, hence there are very
few activation energies reported in literature. Nun˜ez et. al reported an Ea of 1.02
eV for GaAs concentrator cells [144], which are operated at an elevated working
temperature of 65◦C under concentrated light, this seems a good first estimate for
the activation energy. However, the ECSS standard for photovoltaic assemblies
and components (ECSS-E-ST-20-08C [146]) advises to calculate the accelerated
life test parameters for solar cell assemblies (cell with cover glass, interconnect
and by-pass diode) assuming an activation energy of 0.70 eV, which would result
in higher test temperatures or longer test times.
The average working temperature and the time in space depend on the exact
type of application of the solar panel. For a LEO (Low Earth Orbit) mission the
maximum temperature is 100◦C and the typical time in orbit is 10 years (0.876x105
h), for a GEO (Geosynchronous Earth Orbit) the maximum temperature is 70◦C
and 15 years (1.314x105 h) in orbit is common practise. With equation 5.1 accel-
erated test times (t(Tacc)) can be calculated. For activation energies of 0.70 eV
and 1.02 eV the accelerated test times at various test temperatures are given in
table 5.1 for a GEO mission (15 years, 70◦C), a LEO mission (10 years, 100◦C)
and an extreme case (15 years, 100◦C).
Table 5.1: Accelerated test times at various accelerated test temperatures for
GEO (15 years, 70◦C) and LEO (10 years, 100◦C) missions and for an extreme
scenario (15 years, 100◦C) for activation energies of 0.70 eV and 1.02 eV. Values
are presented in days if larger than 24 hours, in minutes if smaller than one hour
and in seconds if smaller than one minute. All values were rounded off towards
the next 0.5 second/minute/hour/day so the test time is always overestimated.
Eact = 0.70 eV 200
◦C 250◦C 300◦C 350◦C 400◦C
GEO 8.5 d 2.0 d 10.0 h 3.5 h 1.5 h
LEO 37.0 d 7.5 d 2.0 d 14.5 h 5.5 h
Extreme 55.0 d 11.0 d 3.0 d 21.5 h 8.0 h
Eact = 1.02 eV 200
◦C 250◦C 300◦C 350◦C 400◦C
GEO 10.0 h 55.0 m 8.0 m 1.5 m 22.0 s
LEO 4.5 d 10.0 h 1.5 h 15.5 m 4.0 m
Extreme 7.0 d 15.0 h 2.5 h 23.5 m 6.0 m
Table 5.1 shows that low test temperatures (200◦C) require test times of many
days, which is too time consuming for initial tests. Test times are significantly
reduced at high test temperatures (400◦C), but at such temperatures the induced
damage might not be related to Cu diffusion (alone). Diffusion processes depend
exponentially on temperature so at higher temperatures other diffusion processes
might start to play a significant role as well. For example dopant diffusion (par-
ticularly Zn) and gold diffusion. Any of this additional diffusion damage should
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be observed for all GaAs solar cells regardless of the metals present in the con-
tact. Since we observe some damage to cells with plain gold contacts at 400◦C
(see section 5.3.2) we took this as a maximum temperature to be used. Ideally a
temperature somewhere in between (as low as possible) should be used. With the
1.02 eV activation energy all three scenarios (GEO, LEO, extreme) are covered
with 4h at 300◦C, hence it was assumed to be a suitable first test. If no diffusion
effects are observed the test can easily be extended to a few days in order to cover
all scenarios with an activation energy of 0.70 eV.
In order to check whether Cu-foil based ELO thin-film GaAs solar cells are
suited for applications in space, it is important to gain more understanding of the
effects that exposure to the space environment will have on Cu diffusion in GaAs
solar cells. In preparatory experiments which will be described in paragraph 5.3.1,
it was found that ELO cells are not suited for heat treatments at temperatures
≥ 250◦C. However, lower temperatures require annealing times of many days (see
table 5.1) in order to simulate 15 years in space. Therefore regular substrate
based GaAs solar cells were used to investigate the effects of Cu diffusion on the
cell performance. In order to do so the substrate cell structures were adapted
to provide a geometry that closely resembles that of ELO cells. This is a valid
alternative since copper diffusion is dependent on the material [55], which is GaAs
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Figure 5.1: Schematic representations of the cell structures of a) an ELO GaAs
solar cell b) a shallow junction substrate GaAs solar cell with Cu on the front
contacts and c) a deep junction substrate GaAs solar cell with Cu on the front
contacts.
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Figure 5.2: Schematic representation of the front contact grid pattern, the grey
square indicates the total solar cell surface area.
for both thin-film and substrate-based solar cells and the material quality [59],
which is equal as both types of structures are grown by the same MOCVD process
and perform equally well [22]. For final qualification of ELO thin-film solar cells
actual thin-film structures should be used, but for study of potentially damaging
processes substrate-based alternatives can be used as long as the studied process
is not expected to be dependent on the thin-film nature of the ELO cells.
A standard ELO thin-film (∼2µm) GaAs solar cell (see figure 5.1a) is typically
produced with a ∼ 100 nm gold back contact and a ∼ 15 µm copper handling
and support foil. Copper was chosen because it is cheap and compatible with all
post-ELO processing steps and allows for easy contacting of the solar cell. Simply
applying a similar contact scheme at the back of a substrate solar cell (see figures
5.1b and 5.1c) would not be representative for the ELO cell configuration, as the
copper would have to diffuse through ∼ 300 µm of GaAs before reaching the cell
(which has a thickness of only a few µm). Thus the copper has to be applied
on the front contact (thick layer of Cu on thin Au contact). Normally the front
contact only covers a few percent of the solar cell surface, which is clearly different
from a completely covered back surface. On the other hand it is also not possible
to cover the front of the cell completely, because then light can no longer enter
the cell and hence there would be no working device that can be tested. As a
compromise between these two extremes a front contact grid pattern with nearly
50% coverage was designed (see figure 5.2), allowing both sufficient covering with
Cu and proper operation of the solar cell.
In order to distinguish between the effects related to the presence of Cu and
other effects a reference without copper is necessary. For the ELO thin-film cells
this would be difficult as replacement of the Cu handling foil with Au would be
expensive and replacement with another metal may cause problems during post-
ELO processing or the metal may also cause diffusion effects. This also explains
why replacement of copper with another metal is not the most favourable solution
in the first place. As substrate cells are normally prepared without copper anyway,
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there is no problem in preparing cells with and without copper on the gold front
contacts.
In this study we investigate the effect of heat treatments and electron irradi-
ation on Cu diffusion in GaAs solar cells. Commercial substrate based solar cells
typically have a shallow junction (see figure 5.1b, p-n junction close to the front
surface of the cell), therefore a cell structure with the junction at 75 nm from the
window was chosen as a reference system. Since the introduction of (Cu) trap lev-
els is anticipated to be particularly harmful in the depletion region around the p-n
junction, a dependence of copper diffusion on junction depth is expected, therefore
also deep junction cells (see figure 5.1c, p-n junction further away from the front
surface) with junction depths of 500, 1000 and 2000 nm were investigated.
It should be noted that in a thin-film ELO cell the copper is applied at the
back of the cell and the copper is thus closer to the junction in a deep junction
ELO cell than in a shallow junction ELO cell. In the substrate cells used in the
experiments described in this paper the copper is closer to the junction in shallow
junction solar cells.
5.2 Material and methods
The solar cell structures were grown in an Aixtron 200 MOCVD reactor on 2 inch
Zn-doped p-type GaAs substrates ((1 0 0) 2◦ off towards [1 1 0]). Four different
substrate solar cell structures were prepared, a shallow junction type (structure
in figure 5.1b) with a p-n junction depth of 75 nm, and three deep junction types
(structure in figure 5.1c) with p-n junction depths of 500 nm, 1000 nm and 2000
nm. On top of the p-type substrate a 300 nm Zn-doped p-GaAs contact layer was
grown and a 75 nm Zn- doped p-InGaP back surface field (BSF). The active solar
cell structure is 2000 nm of Zn-doped p-type GaAs and 75 nm Si-doped n-type
GaAs for the shallow junction sample; and 100 nm of Zn-doped p-GaAs and 500,
1000 or 2000 nm Si doped n-GaAs for the deep junction samples. On top of the
active p-n junction a 30 nm Si doped n-AlInP window and a 300 nm Te-doped
n-GaAs contact layer were grown.
After growth a front contact of either Au (100 nm) or Au (100 nm) / Cu (500
nm) was applied by e-beam evaporation. Plain gold contacts can be used if the
doping level in the contact layer is sufficiently high (in this case 1.7x1019 cm−3
for the n-GaAs contact layer and 3.0x1017 cm−3 for the p-GaAs contact layer). A
grid pattern with a cell coverage of nearly 50% was used (see figure 5.2). After
the evaporation of the front contact, 6 mm x 6 mm cells were created by a MESA
etch. Then a 100 nm Au back contact was applied by e-beam evaporation. After
application of the back contact the GaAs contact layer was removed between the
grid fingers of the front contact. Finally a ZnS (42.5 nm) / MgF2 (88.0 nm)
anti-reflection coating was applied by e-beam evaporation. Henceforth cells with
standard Au contacts will be referred to as gold or Au cells and cells with Cu on
top of the Au front contact will be referred to as copper or Cu cells.
Also a set of shallow junction ELO cells was prepared with a ∼ 20 µm thick
Au back contact and a 250 nm Au front contact. These samples will be referred
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to as Au ELO cells. The other cell specifications are the same as for the 75 nm
shallow junction substrate cells.
Most anneal experiments were performed for 4 h in a tube furnace with a
specially designed quartz inner tube that allowed for in-tube temperature mea-
surements and the inlet of a gas (N2) to create an inert atmosphere. Incidentally
cells were also annealed for shorter periods of time in a rapid thermal annealing
furnace with a N2 atmosphere.
Using the tube furnace sets of Au substrate cells and Cu substrate cells were
simultaneously given an anneal treatment. The annealing time was 4 hours and the
temperature was varied around 300◦C. The higher temperature was chosen based
on the amount of damage observed at 300◦C. In this way the 75 nm junction cells
were annealed at 275, 300 or 325◦C, the 500 nm junction cells at 250, 300 or 350◦C
and the 1000 and 2000 nm junction cells at 200, 300 or 400◦C. The ELO Au cells
were only subjected to an anneal treatment of 4 hours at 300◦C in total.
In addition sets of 75 nm junction Au and Cu cells on substrate (structure
in figure 5.1b) were simultaneously exposed to a 1 MeV electron irradiation dose
of 1015 e−/cm2, which is equivalent to the dose encountered during 15 years in
space on a GEO mission. After exposure the cells were characterized again. Then
the effect of an anneal treatment on the irradiated cells was tested. The electron
irradiated cells were annealed for 4 h at 275◦C, this temperature was chosen based
on the results of the experiments on cells with different junction depths. A similar
experiment was done with non-irradiated 75 nm junction Au and Cu cells. The
anneal treatment (4 h at 275◦C) was repeated 5 times (total annealing time 20 h)
for both irradiated and non-irradiated 75 nm junction Au and Cu cells.
Before and after each anneal or radiation treatment the solar cells were char-
acterized by measuring illuminated J-V curves (25◦C, AM1.5), dark J-V curves
and External Quantum Efficiencies (EQE). From the J-V curves before and af-
ter annealing (or electron irradiation) the solar cell parameters Jsc, Voc and Fill
Factor (FF) were determined. By dividing the value after annealing by the value
before annealing, remaining factors for these parameters were obtained and these
values were averaged for each set of 4 cells (for example 4 75 nm junction Au cells
annealed for 4 h at 300◦C).
Additionally infra-red electroluminescence images were captured for non an-
nealed and annealed cells of all junction depths. A bias voltage of 1.155 V was
used and an exposure time of 0.01 s. All forms of exposure correction were turned
off and lighting conditions in the room were kept as constant as possible.
5.3 Results & Discussion
5.3.1 ELO cells
In figure 5.3 the J-V curves of Au ELO cells before and after annealing for 4 h
at 300◦C are plotted, for comparison the curves of Au deep junction (2000 nm)
substrate cells before and after annealing under the same conditions are plotted
as well. The substrate cell shows a slight decrease in both Jsc and Voc and a
small increase in series resistance. The ELO cells show a similar slight decrease
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Figure 5.3: J–V curves of Au ELO and substrate solar cells before and after
annealing for 4 hours at 300◦C.
in Jsc and a significant decrease of Voc. This means that the ELO cells degrade
significantly even without the presence of Cu. ELO Au cells are thus not suited
for accelerated ageing tests under these conditions. At an annealing temperature
of 250◦C the decrease in Voc is less than for 300◦C (Remaining factors of Voc are
0.929 and 0.867 respectively), but the decrease is still significantly larger than for
the Au substrate cells at 300◦C (Remaining factor Voc 0.972). This shows that
annealing temperatures ≥ 250◦C are not suited for accelerated life tests with ELO
solar cells.
Similar experiments with Cu ELO and 2000 nm deep junction Cu substrate
cells show that the damage to the Cu ELO cells is larger than for the Cu substrate
cells at an annealing temperature of 300◦C (average Voc remaining factors of 0.338
and 0.950 for ELO and substrate cells respectively), but that the damage at 200◦C
is comparable (average Voc remaining factors of 1.001 and 0.989 for ELO and
substrate cells respectively). Therefore any accelerated life tests with ELO cells
should be done at temperatures ≤ 200◦C. However, from a practical point of view
lowering of the annealing temperature further to 200◦C or less is not an option
as the annealing time then needs to be increased to many days to be relevant for
the anticipated application (see table 5.1). Therefore further experiments were
performed with substrate cells rather than with thin-film ELO cells.
The most probable explanation for the larger observed damage of the ELO cells
is the difference in thermal expansion coefficient between GaAs (5.4*10−6 K−1)
on the one hand and copper (16.5*10−6 K−1) and gold (14.2*10−6 K−1) on the
other hand. This difference is likely to induce stress and possibly even cracks and
defects in the thin-film, which also diminishes solar cell performance.
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5.3.2 Influence of Junction Depth
From the J-V measurements before and after the annealing experiments the Jsc,
Voc and Fill Factor remaining factors were obtained. The average Jsc remaining
factors are plotted in figure 5.4a and the average Voc remaining factors in figure
5.4b. Significant changes in Jsc of more than 2% are only observed for some deep
junction cells after annealing at 400◦C. A decrease in Voc is observed for all cells
annealed at T ≥ 300◦C, the changes are larger for Cu cells of all junction depths
and are more severe for the 75 and 500 nm junction cells. The changes in fill factor
show trends similar to those of the Voc and are therefore not plotted.
The most significant change (a decrease of almost 10%) in Jsc is observed for
the 2000 nm junction Cu cells annealed at 400◦C. A decrease in Jsc is related to
a decrease in collection efficiency. In general the collection efficiency is reduced
due to the fact that less minority carriers reach the p-n junction. In the case
of Cu diffusion in a deep junction solar cell, a plausible explanation is that Cu
introduces defects mainly in the top part of the solar cell, these defects act as
recombination centres, reducing the minority carrier lifetime. Since the distance
to the p-n junction is large, this reduces the chance that minority carriers reach
the junction and contribute to the current of the solar cell. This is confirmed by
the data in figure 5.4a, which show that this effect is most pronounced in the 2000
nm Cu cells annealed at 400◦C in which Cu is expected to have penetrated the
cell the furthest and the distance from the average photon absorption cite to the
p-n junction is largest.
This can also be confirmed by EQE measurements, from which by integration
over the spectrum Jsc can be obtained. The 2000 nm deep junction Cu cells
annealed at 400◦C are the only cells that show a change in EQE curve, as could
be expected from the Jsc remaining factors plotted in figure 5.4a. In figure 5.5
EQE curves before and after annealing for 4 h at 400◦C are plotted for 2000 nm
Au and Cu samples. It can be seen that while the EQE curve of the Au cell does
not change upon annealing, the EQE of the Cu cell is significantly lower after
annealing. The EQE of the Cu cell is lower over the whole wavelength range,
but the difference is largest at lower wavelengths. Lower wavelengths correspond
to higher energy photons which are absorbed closer to the surface of the solar
cell, this suggests that the reduced cell performance is indeed caused by reduced
collection efficiency of minority carriers created in the top part of the solar cell.
In figure 5.4b the average Voc remaining factors of Au and Cu cells with differ-
ent junction depths are plotted as a function of annealing temperature. The Cu
75 and 500 nm junction cells show a strong decrease at annealing temperatures of
300◦C and higher, all Au cells and the Cu 1000 nm and 2000 nm junction cells
show a slight decrease at these annealing temperatures. The decrease at annealing
temperatures below 300◦C is negligible. This indicates a decrease in Voc for all
cells after annealing, but that it is particularly strong for Cu cells with the smallest
junction depths.
Since Voc ≈ kTq ln
(
Jsc
J0
)
(in which J0 is the dark saturation current) [102] and
the fact that no significant change in Jsc is observed for the Cu 75 and 500 nm
junctions, the change in Voc must be caused by an increase in J0. The most likely
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Figure 5.4: The average value of the remaining factor of a) Jsc and b) Voc for Au
and Cu cells plotted against annealing temperature for junction depths of 75 nm,
500 nm , 1000 nm and 2000 nm. The solid line displays the general trend, the
dashed lines highlight the most notable deviations.
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Figure 5.5: External quantum efficiency curves of a 2000 nm deep junction Au cell
and a 2000 nm deep junction Cu cell before and after annealing for 4 h at 400◦C.
cause of such a decrease in Voc is an increase in non-radiative recombination. Non-
radiative recombination via trap levels in the depletion region is known to affect
Voc and Cu is known to introduce such a trap level [58]. Since the effect is more
pronounced in Cu cells and particularly in the 75 nm and 500 nm junction cells
in which the copper is expected to reach the junction first, it seems plausible that
in-diffused copper has introduced trap levels in the depletion region.
Since we defined 4h at 300◦C as a minimum the solar cells should be able to
cope with, it is interesting to compare the Jsc and Voc remaining factors after
annealing under these conditions for the different junction depths. In figure 5.6
the average Jsc and Voc remaining factors are plotted versus junction depth for
both Au and Cu cells. From this figure it is clear that the change in Jsc is negligible
at this temperature and that there is no significant difference between the Au and
Cu cells. At the same time the Voc decreases for both Au and Cu cells of all
junction depths. The change is significantly larger for the Cu cells, this suggests
that regardless of junction depth copper introduces trap levels that can act as
a non-radiative recombination pathway. The fact that for the smallest junction
depths the decrease in Voc remaining factor is largest suggests that the Cu traps
are particularly efficient in the vicinity of the depletion region, as the copper should
have diffused equally far into all Cu cells.
In figure 5.7 dark J-V curves of 75 nm Au, 75 nm Cu, 2000 nm Au and 2000
nm Cu cells before and after annealing at 300◦C are plotted. From the position
and shape of the curves it can readily be deduced that the dark current increases
for all cells. The largest increase in dark current is observed for the 75 nm junction
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Cu cell, while the changes for both Au cells and the 2000 nm Cu cell are relatively
small. This is in accordance with the changes in Voc depicted in figure 5.6.
Electroluminescence was used to visualize the presence of non-radiative recom-
bination centres in the solar cells. The pictures appear less bright if non-radiative
recombination increases. Independent of the junction depth, the electrolumines-
cence images of the Au cells annealed at 300◦C shown in figure 5.8 appear to show
more or less the same brightness. On the other hand, the Cu cells show a gradual
darkening as the junction depth decreases. Indicating an increase in non-radiative
recombination. The observed decrease in radiative recombination is in agreement
with the changes in Voc shown in figure 5.6.
From the other electroluminescence images (not shown here) it appears that
the Au cells all have a similar luminescent intensity, regardless of the junction
depth or annealing temperature. The same is true for the non-annealed Cu cells
and for the Cu cells annealed at the lowest temperatures (200, 250 or 275◦C), but
for the 75 nm cells annealed at 325◦C and the 500 nm cells annealed at 350◦C no
luminescence is observed and the 1000 and 2000 nm Cu cells annealed at 400◦C
appear to be less bright. This is in accordance with the observed decreases in Voc
in figure 5.4b.
We expect that the Jsc of the solar cells will not change significantly during
the operational life time in space, but a decrease in Voc is to be anticipated. For
Au cells the change is relatively small and is not expected to be an issue, but the
presence of Cu proves to be a risk for the solar cell performance, particularly if
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Figure 5.7: Dark J–V curves of a 75 nm shallow junction Au cell, 75 nm shallow
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cell before and after annealing at 300◦C for 4 h.
Figure 5.8: Infra-red electroluminescence images of Au and Cu substrate solar
cells annealed for 4 h at 300◦C for junction depths of 75, 500, 1000 and 2000 nm.
Experimental conditions were the same for all images.
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the distance between copper and p-n junction is small. Hence the application of
a diffusion barrier, to prevent copper diffusion in thin-film ELO cells is thought
to be a necessary precaution. In the search for a suitable barrier layer the Voc is
the most important parameter to monitor, as this is the first parameter to change
upon copper diffusion.
5.3.3 Electron Radiation Effects
For the 75 nm shallow junction type solar cells the effect of electron radiation was
investigated. The J-V curves of 75 nm junction Au and Cu cells before and after
irradiation with a dose of 1015 e−/cm2 1 MeV electrons are plotted in figure 5.9a
and the EQE curves in figure 5.9b. In both graphs the curves of both Au and
Cu cells before irradiation overlap and the curves of both Au and Cu cells after
irradiation overlap also, but they are at a significantly lower level than the curves
before irradiation. The fact that both Au and Cu cells are affected in the same
way indicates that electron irradiation itself does not induce copper diffusion.
The J-V curves in figure 5.9a show a decrease in both Jsc and Voc, with the
relative decrease in Voc being larger than the decrease in Jsc. The change in Jsc
is also clear from the EQE curves in figure 5.9b, here a decrease is visible from ∼
650 nm to the wavelength corresponding to the band gap, which indicates that the
induced damage occurs relatively deep in the solar cells, since low energy photons
are absorbed deep in the solar cell. These effects on the J-V and EQE curves are
similar to those for the middle GaAs cell of a triple junction solar cell observed by
Brandt et al. [104], the somewhat larger damage we observe is probably related to
the fact that we tested the effect of irradiation without a cover glass and to the
fact that no radiation hard design was used.
It is known that annealing treatments can reduce the damage of electron irra-
diation [104], but at the same time anneal treatments also enhance Cu diffusion.
Hence we investigated the effect of anneal treatments on irradiated cells and com-
pared it to the effect of the same anneal treatment on non-irradiated cells. Since
after 4 h at 300◦C a significant decrease in Voc is already visible for the 75 nm
junction cells, but not yet after 4 h at 275◦C (see section 5.3.2, figure 5.4b), it was
chosen to anneal at 275◦C in steps of 4 h to see whether the decrease in Voc starts
at different points for irradiated and non-irradiated Cu cells and whether or not
this decrease is also observed for Au cells.
In figure 5.10a the average Jsc remaining factors are plotted versus annealing
time at 275◦C for irradiated and non-irradiated Au and Cu cells. Only before the
annealing treatments a significant difference is visible as the irradiated cells have
a lower starting point (due to the lower Jsc caused by the electron irradiation).
After 4 h at 275◦C all remaining factors are virtually 1 and this does not change
upon subsequent annealing steps. Thus an annealing step of 4 h at 275◦C is able
to restore the Jsc of both irradiated Au and irradiated Cu cells.
Different trends are observed for the average Voc remaining factor, as is visible
in figure 5.10b. Again the irradiated cells have a lower starting point than the
non-irradiated cells due to the radiation damage. After annealing different effects
are visible for all four types of cells. The non-irradiated Au cells are virtually not
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Figure 5.9: J-V curves a) and EQE curves b) of an Au and a Cu cell with a junction
depth of 75 nm before and after irradiation with a 1 MeV electron irradiation dose
of 1015 e−/cm2.
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affected by the heat treatment. The irradiated Au cells show an increase in the
remaining factor after the first annealing treatment but the Voc is not restored to
its original value. The remaining factor remains steady during subsequent anneal
treatments. The non-irradiated Cu cells show a slight decrease after the first
anneal treatment, then the Voc remaining factor remains steady during another
two anneal treatments and after 16 h at 275◦C the remaining factor starts to
decrease rapidly. Finally the irradiated Cu cells show an increase after the first
anneal treatment, similar to the one observed for irradiated Au cells, the remaining
factor remains steady for the next 12 h and then starts to decrease rapidly after
16 h at 275◦C, just like for the non-irradiated Cu cells.
The electron irradiation experiments show that Au and Cu cells are affected
in the same way by an irradiation treatment. Subsequent annealing treatments
are able to restore the Jsc completely and to partially restore the Voc, the effect is
similar for both Au and Cu cells. In the end decrease in Voc due to copper diffusion
occurs after the same annealing time for both irradiated and non-irradiated Cu
cells, indicating that the temperature causes diffusion and that radiation damage
does not influence this.
5.4 Conclusions & Outlook
The aim of this study was to investigate whether thin-film ELO solar cells on a
Cu foil carrier/back contact can directly be applied in space solar panels. Since
ELO thin-film cells were found to be unsuited for accelerated ageing tests at tem-
peratures above 200◦C, a model system of GaAs substrate solar cells was used to
test the effects of the space environment on copper diffusion. The effect of heat
treatments on Cu diffusion was studied for cells with and without Cu for four
different junction depths (75, 500, 1000 and 2000 nm).
It is demonstrated that the Jsc of the cells remains more or less unaffected,
but that the Voc of the Cu cells is reduced after annealing. Because diffusion
is strongly temperature dependent the effect is most apparent for the smallest
junction depths (75 and 500 nm) and at the highest annealing temperatures (325,
350, 400◦C). The decrease in Voc can be explained by enhanced non-radiative
recombination, via Cu trap levels in the middle of the band gap. The fact that
the effect is more pronounced for the shorter junction depths, suggest that these
traps are particularly harmful if they are introduced in or near the depletion region
around the p-n junction. This is supported by a related increase in J0, which was
visualized with electroluminescence imaging and dark J-V measurements.
For the 75 nm junction depth the effect of electron irradiation and subsequent
heat treatments were investigated. It is found that electron radiation affects Au
and Cu cells in the same manner. Annealing reduces the damage caused by the
exposure to electron irradiation. A significant and similar decrease in Voc is ob-
served for both irradiated and non-irradiated Cu cells after 16 h annealing at
275◦C, which implies that Cu diffusion is solely dependent on the heat treatment
and is not affected by damage caused by electron radiation.
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It is shown that only heat treatments induce copper diffusion and that Voc is
the solar cell parameter that is most affected by it. Jsc is only affected for deep
junction samples annealed at 400◦C, while a decrease in Voc is observed for all Cu
cells after 4 h at 300◦C, which was set as the minimum the solar cells should be
able to cope with. These results imply that application of a diffusion barrier or
implementation of an alternative metal foil carrier/back contact is necessary and
that the Voc is the best indicator of Cu diffusion.
The prime alternatives for a different metal foil carrier known to be compatible
with thin-film cell processing are silver and gold, which are much more expensive
than copper. Other alternatives such as molybdenum have to be tested for their
applicability and compatibility with thin-film cell processing and are therefore
not a desired solution. Alternatively a diffusion barrier [114] can be applied,
this is a thin layer of material that either slows down the diffusion process or
inhibits diffusion completely. For silicon numerous potential diffusion barriers are
reported, but of particular interest for implementation in GaAs solar cells would
be the electroplated titanium [115] and nickel [119,120,185,186] diffusion barriers
suggested for silicon solar cells. Recently copper metallization schemes for III-
V solar cells have been suggested [39, 40], it is of interest to see whether these
can block or inhibit copper diffusion. Finally compound barriers such as metal
nitrides are of interest, generally their diffusion blocking properties are excellent,
but their low conductivity and high melting points provide new challenges in device
fabrication.
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Chapter 6
Copper diffusion in Gallium Arsenide solar cells for
space applications1
Abstract
Thin-film III-V solar cells provide excellent characteristics for application in space
solar panels. However, the currently applied copper stabilization foil might diffuse
into the active solar cell material, potentially inducing detrimental damage to the
solar cell. In four different accelerated life time tests it was found that copper
diffusion indeed has a potentially detrimental effect on device performance. A
reduction in Jsc is observed for deep junction cells, due to a minority carrier life
time reduction. More noticeably Voc is affected in shallow junction cells, indicat-
ing enhanced non-radiative recombination due to introduction of Cu trap levels in
the depletion region. Contact layers with high carrier densities are found to be un-
favourable, as high dopant concentrations negatively influence the material quality
of the layer. Additionally it was found that the Au contact/mirror functions as
a barrier to Cu diffusion but that it will break down eventually. A dependence
on the Cu thickness was also observed, but further experiments are required to
explain this dependence. Although an optimized device design can inhibit Cu dif-
fusion, it is still advisable to either implement a suitable diffusion barrier or find
an alternative metal for the handling and support foil.
6.1 Introduction
High efficiency, thin-film, III-V solar cells obtained by the Epitaxial lift-off (ELO)
technique [22] offer a promising alternative to substrate-based III-V solar cells for
application in space solar panels [43,187]. The replacement of the growth substrate
by a flexible handling and support foil and the implementation of a new flexible
panel design allow in theory for a panel weight reduction of more than 75% [45].
The possibility to re-use the growth substrate [19] and the possibility to grow
several structures on the same wafer and peel them off separately [89, 90], create
additional options for cost reduction.
The challenging space environment (high vacuum, UV, e− and p+ irradiation
and temperature cycling) provides additional challenges in space solar cell design.
One of the potential drawbacks for the application of ELO thin-film solar cells in
space panels is the fact that currently a copper handling and stabilization foil is
used [19]. Copper is known to be a fast diffuser in many semiconductors, including
1Based on: Copper diffusion in Gallium Arsenide solar cells for space applications, R.H.
van Leest, K. de Kleijne, G.J. Bauhuis, P. Mulder, R. van der Heijden, E. Bongers, E. Vlieg
and J.J. Schermer Proceedings of the 31st European Photovoltaics Specialists Conference (2015)
1422–1425
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GaAs [55] and it has the ability to introduce a trap level in the band gap [58]. Since
such trap levels provide a very efficient non-radiative recombination pathway, this
has a potentially detrimental effect on the solar cell device performance.
Unfortunately, literature descriptions of the actual effects of gradual diffusion of
copper in III-V solar cells (or other semiconductor devices) are lacking. Therefore
an accelerated life time test was developed to investigate the effects of Cu diffusion
in GaAs solar cells.
Since diffusion processes are dependent on temperature [55] it seems reasonable
that the accelerated life test method described by Nu´n˜ez et al. [144] can be used.
Here it is assumed that operation over a long period of time at a relatively low
temperature can be simulated by a much shorter period of time at an elevated
temperature. Taking the activation energy of 0.70 eV suggested in the ECSS
standard for photovoltaic assemblies and components [146], GEO (15 years, max.
70◦C) and LEO (10 years, max. 100◦C) missions can be simulated by 10 and 44
hours at 300◦C respectively. In this study an initial test of 4 hours at 300◦C was
used, which can easily be extended to 10 or 44 hours in further experiments.
We found that ELO thin-film cells are not compatible with test temperatures
above 200◦C (most likely due to the large difference in thermal expansion coef-
ficient between the GaAs and the metal carrier); therefore an adapted substrate
cell design was used instead. The copper was applied on the front contact and a
dense grid (45% coverage) was used to allow for Cu diffusion and proper solar cell
operation at the same time. A more detailed description of this approach can be
found elsewhere [187].
Here we report the results of experiments on the effects of copper diffusion
in gallium arsenide solar cells. In order to get a better understanding of the
parameters which play a role in diffusion, we varied the junction depth, doping in
the front contact layer and the Au and Cu thickness in the front contact.
6.2 Materials & Methods
Solar cell structures were grown in an Aixtron 200 MOCVD reactor on 2 inch p-
type substrates and also obtained from Azur Space Solar Power GmbH on 4 p-type
substrates. The default structure consisted of a 300 nm Zn-doped p-type contact
layer, a 75 nm Zn-doped In0.48Ga0.52P back surface field, a 2000 nm Zn-doped
p-GaAs base, a 75 nm Si-doped n-GaAs emitter, a 20 nm Si-doped Al0.53In0.47P
window and a 300 nm Si-doped n-GaAs contact layer. For the junction depth
experiments a Te-doped front contact layer was used and cells with a 500, 1000
or 2000 nm n-GaAs emitter and 75 nm p-GaAs base were also grown on 2 p-type
substrates. For the contact layer experiment structures with Si-doped n-GaAs
contact layers (2.5*1018 and 4.8*1018 cm−3) and Te-doped n-GaAs contact layers
(2.5*1018, 4.6*1018, 5.8*1018, 9.4*1018 and 1.6*1019 cm−3) were grown on 2 p-type
substrates.
A metal front contact grid (100 nm Au / 500 nm Cu unless specified otherwise)
with 45% coverage was applied by e-beam evaporation. After metal lift-off 6 mm
x 6 mm solar cells were created by a MESA etch (HCl for AlInP and InGaP,
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Figure 6.1: Average Jsc (grey triangles) and Voc (red circles) remaining factors
plotted versus junction depth.
1:2:10 NH4OH:H2O2:H2O for GaAs). The contact layer was removed between
the fingers of the front contact grid with a 2:1:10 NH4OH:H2O2:H2O etch, while
the metals were protected with a photoresist layer. Cells were characterized by
J-V measurements (25◦C, AM1.5, 1 sun). Sets of 4 solar cells were then exposed
to an accelerated test of 4 hours at 300◦C under N2 atmosphere in a tube oven
[187]. After the accelerated test the cells were characterized again. Remaining
factors were calculated for Jsc and Voc by dividing the parameter value after the
accelerated life time test by the value before the accelerated life time test.
6.3 Results & Discussion
6.3.1 Junction depth
It is expected that the presence of Cu in the device is most harmful in the depletion
region around the p-n junction. Therefore it is interesting to vary the junction
depth in order to vary the distance between the Cu and the depletion region. In
figure 6.1 the average Jsc and Voc remaining factors of sets of 4 cells with an Au
(100 nm) / Cu (500 nm) front contact are plotted versus junction depth. The figure
shows that Jsc decreases only very slightly for large junction depths (remaining
factor 0.987); a feature that can be explained by the introduction of Cu defect
centres in the active region of the device. Such defect centres decrease the minority
carrier life time and hence the collection efficiency of the device. More noticeably
Voc is also affected by the accelerated test. It has severely decreased for the small
junction depths, and to a lesser extent also for the large junction depths. As Voc
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Figure 6.2: Average Jsc (grey triangles) and Voc (red circles) remaining factors
plotted versus carrier concentration for Si-doped (light filled markers) and Te-
doped (dark filled markers) contact layers.
≈ kTq ln
(
Jsc
J0
)
and Jsc remains more or less the same, the decrease in Voc must
be caused by an increase in dark current density J0. J0 represents non-radiative
recombination in the solar cell. One potential non-radiative recombination source
is recombination via mid band gap trap levels and copper is known to be able to
introduce such a trap level [55]. As the decrease in Voc is not observed for cells
with plain Au contacts [187], it seems reasonable to assume that the decrease in
Voc is caused by an increase in non-radiative recombination via copper trap levels.
This reasoning was further confirmed by electroluminescence imaging [187]. From
figure 6.1 it can be concluded that device design is important. A large separation
between the Cu and the p-n junction is favourable, as it will take longer for the Cu
to reach the depletion region. Since the copper in ELO cells is normally applied
at the back of the cell this means that in that case a shallow junction solar cell
would be a better choice than a deep junction one.
6.3.2 Contact layer doping
Hasegawa pointed out that material quality is an important parameter for Cu
diffusion [59], showing that diffusion in bulk crystals proceeds much faster than in
epitaxial layers. Since the dopant type and concentration of the contact layer can
significantly alter the material quality, cell structures with different contact layer
dopant type and/or carrier concentration were prepared. In figure 6.2 the average
Jsc and Voc remaining factors of sets of 4 cells are plotted as a function of carrier
concentration for cells with 2 different Si-doped front contact layers and 5 different
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Figure 6.3: Average Jsc (grey triangles) and Voc (red circles) remaining factors
plotted versus Au thickness.
Te-doped front contact layers. At a carrier concentration of 2.5*1018 cm−3 the
markers of the Si- and Te-doped cells are indistinguishable. No significant changes
in Jsc are observed, but at high carrier concentrations Voc is affected. A large
concentration of Te is likely to distort the semiconductor lattice, since Te atoms
are larger than the As atoms they replace. Such lattice distortions might cause
additional dislocations in the contact layer which are known to be very efficient
diffusion pathways, so it is not surprising that Voc is affected more rapidly in cells
with a contact layer with high Te concentration. Hence, optimizing the material
quality of the layer in contact with the metals is important. High doping levels in
the contact layers should be avoided. Adequate lattice matching between layers of
different materials is also important, as otherwise stress and strain might reduce
the material quality.
6.3.3 Au thickness
Since the Cu has to diffuse through the Au contact / mirror of the ELO solar
cell before it reaches the GaAs contact layer, it is expected that a thicker Au
layer also functions as a Cu diffusion barrier. Hence the Au layer in the contact
was varied between 0 and 200 nm. Figure 6.3 shows the average Jsc and Voc
remaining factors of sets of 4 cells plotted versus the thickness of the Au layer in
the front contact. No significant changes in Jsc are observed, but without Au in the
contact stack Voc decreases immensely. As the GaAs/Au and Au/Cu interfaces
are absent in this sample and a GaAs/Cu interface is introduced, this suggests
that an interaction has taken place at the GaAs/Cu interface that is detrimental
81
0.70
0.80
0.90
1.00
0 250 500 750 1000
R
e
m
a
in
in
g
 F
a
c
to
r 
Cu thickness (nm) 
Jsc
Voc
Figure 6.4: Average Jsc (grey triangles) and Voc (red circles) remaining factors
plotted versus Cu thickness.
to the device performance. Experiments with an extended test of 12 hours at
300◦C show that the cells with only 50 nm of Au show a Voc remaining factor
less than 0.90 (10% decrease), but that the cells with 100 and 200 nm Au show
a decrease of only 2%, similar to the decrease after 4 hours. Eventually after 20
hours both the 100 and 200 nm Au cells also have a Voc remaining factor below
0.90. This shows that the Au layer in the front contact serves as a barrier, but
that it is insufficient to block Cu diffusion completely.
6.3.4 Cu thickness
Finally an experiment with Cu layers between 0 and 1000 nm was conducted. In
figure 6.4 the average Jsc and Voc remaining factors of sets of 4 cells are plotted
versus the thickness of the Cu layer in the front contact. Again no significant
changes in short-circuit current density are observed, but Voc is affected signifi-
cantly for Cu layers with a thickness > 500 nm. Since the Cu foil in an actual
ELO thin-film cell is much thicker (∼ 20 µm), this is an important observation.
Additional experiments with SIMS and TEM indicate that the Cu dependence can
be explained by an interaction between the metals and the GaAs contact layer. If
there are more metal atoms present in the contact than can form a stable com-
pound with the GaAs, the remaining metal may diffuse into the active region of
the solar cell where it can form recombination centres. Further investigation is
needed to fully explain the cause of this dependence on Cu thickness.
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6.4 Conclusions & Outlook
In this study the influence of Cu diffusion on the performance of GaAs solar cells
was investigated. Jsc remains unaffected except for deep junction cells in which the
introduction of Cu defects is expected to cause a decrease in minority carrier life
time. Changes in Voc are found to be much larger. These changes can be explained
by the introduction of Cu trap levels in the depletion region, which cause enhanced
non-radiative recombination. The enhanced non-radiative recombination via Cu
trap levels is a serious concern for application of ELO cells in space solar panels.
Optimizing the device design (using a shallow junction, moderately doped contact
layer and relatively thick Au mirror) can inhibit Cu diffusion. Yet, it is also
advisable to implement a suitable diffusion barrier. Or even replace Cu with a
different metal. The latter is not a favourable solution as it will be difficult to
find a relatively cheap and chemically resistant alternative. Diffusion barriers and
copper metallization have already been successfully applied in Si solar cells. Our
future investigations will therefore focus on testing solution for silicon devices on
GaAs solar cells.
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Chapter 7
Degradation mechanism(s) of GaAs solar cells with
Cu contacts1
Abstract
Substrate-based GaAs solar cells having a dense Au/Cu front contact grid with
45% surface coverage were exposed to accelerated life testing at temperatures
between 200 and 300◦C. TEM analysis of the front contacts was used to gain a
better understanding of the degradation process. During accelerated life testing
at 200◦C only intermixing of the Au and Cu in the front contact occurs, without
any significant influence on the J-V curve of the cells, even after 1320 h (55 days)
of accelerated life testing. At temperatures ≥ 250◦C a recrystallization process
occurs in which the metals of the contact and the GaAs front contact layer interact.
Once the grainy recrystallized layer starts to approach the window, diffusion via
grain boundaries to the window and into the active region of the solar cells occurs,
causing a decrease in Voc due to enhanced non-radiative recombination via Cu trap
levels introduced in the active region of the solar cell. To be a valid simulation
of space conditions the accelerated life testing temperature should be < 250◦C in
future experiments, in order to avoid recrystallization of the metals with the GaAs
contact layer.
7.1 Introduction
In recent years thin-film, III-V solar cells prepared by the epitaxial lift-off (ELO)
technique [148, 173] have displayed their potential by demonstrating efficiencies
equal to those of cells on a growth substrate [21, 22]. As a result of photon con-
finement [29,150] efficiencies even exceeding those of cells on their native epitaxial
growth substrate can be obtained [30, 42]. Such flexible, high efficiency, thin-film
solar cells find a potential application in solar panels for space missions [43], where
launch costs can be significantly reduced due to the lower weight of thin-film pan-
els. The replacement of the expensive growth substrate with a flexible carrier can
reduce the weight by approximately 25% on cell level. Additional weight reduction
can be accomplished by replacing the rigid cover glass with a flexible coating [44,45]
and implementing a new lightweight support to replace the currently used rigid
aluminium honeycomb support. In theory this allows for a total weight reduction
of more than 75% [45]. Additional cost reductions are possible since ELO allows
for re-use of the expensive growth substrates [19,20] and there is the possibility to
1Based on: Degradation mechanism(s) of GaAs solar cells with Cu contacts, R.H. van Leest,
K. de Kleijne, G.J. Bauhuis, P. Mulder, H. Cheun, H. Lee, W. Yoon, R. van der Heijden, E.
Bongers, E. Vlieg and J.J. Schermer Physical Chemsitry Chemical Physics 18 (2016) 10232–
10240
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grow multiple devices on the same wafer and peeling them off separately one by
one [89,90].
However, space is an extreme environment (for example high vacuum, harsh UV
irradiation, charged particle radiation, atomic oxygen and thermal cycling [46]),
which provides additional challenges in solar panel design. One of these concerns
the flexible carrier for the solar cells. The thin-film cells might be mounted on
a plastic substrate. However, plastics and glues are primarily made of organic
polymers, which are known to be mostly incompatible with the space environment
[44,45]. Another option is the use of a flexible metal foil carrier, for which copper
is the favoured choice [19, 48, 49], as it is both relatively cheap and chemically
resistant in post ELO processing.
Nevertheless copper also poses a potential risk, as it is known to be a fast
diffuser in many semiconductors [50–55, 57, 59, 181] and tends to create a mid
band gap trap level [58]. These two characteristics have a potentially detrimental
effect on solar cell performance. Unfortunately, most of the available literature
describes copper diffusion in bulk semiconductor material at high temperatures
(> 500◦C). There is only limited literature available on the effects of copper in
actual devices and it mostly describes the effects of deliberate copper doping or
contamination [60–63], rather than the effect of gradual diffusion over time.
In addition to the potentially harmful effect of copper diffusion, interaction
between the Cu carrier, the Au contact and the GaAs contact layer may affect solar
cell degradation as well. The Au-Cu phase diagram shows that Au and Cu may
form Au3Cu, AuCu and AuCu3 at temperatures below 410
◦C [109]. Interaction
between GaAs and Au is unlikely to occur according to Tsai and Williams [112] and
the calculated phase diagram of Cu and GaAs shows that GaxCuy and CuaAsb
compounds may be formed [111]. Unfortunately, calculating or predicting how
GaAs, Au and Cu interact at various temperatures and gradually over time is
complex if at all possible, as it is difficult to predict which compounds form at
what temperatures.
With space applications in mind, it is important to gain a better understand-
ing of gradual copper diffusion in III-V semiconductor devices and interactions
between the contact metals and the semiconductor materials in order to reveal the
underlying mechanisms which ultimately result in device failure. Better under-
standing of the degradation mechanisms is required to be able to develop optimal
solutions for, or alternatives to, the Cu foil carrier.
Out of the harsh conditions encountered in space high energy particle irradiation
and temperature cycling might be expected to be relevant for the diffusion pro-
cess, as high energy particle irradiation induces defects [104] and the diffusion is
expected to depend on the presence of defects such as vacancies [52] and diffu-
sion is temperature dependent. In a previous study [187] it was found that heat
treatments indeed induce Cu diffusion, but no influence of electron irradiation on
the diffusion process was observed. Therefore subsequent research was focussed
primarily on investigating the temperature dependent degradation mechanism(s)
causing solar cell degradation as a result of copper diffusion.
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As the thin-film ELO solar cells eventually have to operate properly for at least
10 to 15 years in space, an accelerated ageing process is necessary to speed up the
diffusion process for testing purposes. Since diffusion is exponentially dependent on
temperature (D=D0exp(-Ea/kT)), accelerated life testing (ALT) offers a suitable
approach. ALT assumes that operation for a long period of time at a relatively
low temperature is equal to operation for a short period of time (few hours) at a
higher temperature. This can be described with the following equation [144]:
top
tacc
= exp
[
Ea
k
(
1
Top
− 1
Tacc
)]
, (7.1)
in which k is the Boltzmann constant, Ea the activation energy, Top the regular
operation temperature, Tacc the accelerated test temperature and top and tacc
the exposure times to the corresponding temperatures. The main difficulty with
this generally applied method is that activation energy determination is difficult
and hence there are very few activation energies reported for solar cell degrada-
tion [142–145] and none of these concerns (Cu) diffusion. The European Cooper-
ation for Space Standardization (ECSS) standard for photovoltaic assemblies and
components (ECSS-E-ST-20-08C [146]) advises to use an Ea of 0.70 eV in calcu-
lations. For an accelerated test temperature of 300◦C this results in accelerated
test times of 10, 44 and 66 hours for simulation of a Geosynchronous orbit mis-
sion (GEO,15 years, max 70◦C), a Low-Earth orbit mission (LEO, 10 years, max
100◦C) and an extreme scenario (15 years, max 100◦C) respectively. At lower
test temperatures the test time rapidly increases to several days, while at higher
test temperatures the risk of cell failure due to other effects increases. This study
utilizes initial ALT of 4 h at 300◦C, which covers all three scenarios (GEO, LEO
and extreme) if the more optimistic Ea of 1.02 eV reported in a study conducted
by Nu´n˜ez et al. [144] is used. Subsequently the test could be extended to 10, 44
or 66 hours in further experiments whenever required [187].
Unfortunately ELO cells appear to be incompatible with the accelerated age-
ing test at temperatures ≥ 200◦C [187]. This is most likely due to the significant
differences in thermal expansion coefficient between the GaAs solar cell (5.4*10−6
K−1) on the one hand and the gold (14.2*10−6 K−1) and copper (16.5*10−6 K−1)
contact / carrier on the other, which eventually causes stress and cracks in the
semiconductor. Therefore an adapted substrate based cell design has been devel-
oped [187]. In the normal ELO thin-film cells the copper foil is applied at the back.
This is not a suitable choice for the substrate based cells as the copper would have
to diffuse through a few hundred microns of substrate before reaching the active
region of the solar cell. Thus the copper has to be applied on the front contact of
the solar cells. However, the front contact grid typically covers only a few percent
of the surface, which is not comparable to the fully covered back surface in an ELO
cell. As it is also not possible to cover the front surface completely with copper
(light would no longer be able to enter the cell), a grid pattern with 45% coverage
was used for the front contact. This allows for proper operation of the device and
at the same time places a sufficient fraction of the active cell structure in close
contact with a copper layer.
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In order to elucidate the failure mechanism of GaAs solar cells with copper
metallization, several accelerated life tests were performed. Based on the evalua-
tion of the cell performance by J-V measurements and TEM analysis of the cells,
a low temperature and a high temperature degradation mechanism of the copper
contacts are proposed in this study.
7.2 Materials and methods
Solar cell structures as depicted in figure 7.1 were grown in an Aixtron 200
MOCVD reactor on 2 inch Zn-doped p-type GaAs substrates ((1 0 0) 2◦ off towards
[1 1 0]). An Au/Cu front grid contact with 45% surface coverage (see figure 7.2)
was applied using photolithography and e-beam evaporation. The Au layer was
kept at a constant thickness of 100 nm while the thickness of the copper layer was
varied between 0 and 1000 nm. After metallization 6mm x 6mm solar cells were
created using a MESA etch. A 1:2:10 NH4OH:H2O2:H2O etch was used for the
GaAs layers and a 37% HCl etch for the AlInP and InGaP layers. Then the contact
layer between the grid fingers was etched away with a 2:1:10 NH4OH:H2O2:H2O
etch, while the front contact grid was protected by a photoresist layer. Finally a
ZnS (42.5 nm) / MgF2 (88.0 nm) anti-reflection coating (blue square in figure 7.2)
was applied by e-beam evaporation. Subsequently all solar cells were characterized
by J-V measurements at 25◦C under 1 sun AM1.5 illumination using an Abet Sun
2000 solar simulator in combination with Tracer 3.0 software from ReRa solutions.
Figure 7.1: Schematic representation of the solar cell structure.
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Sets of two solar cells were exposed to ALT in a N2 atmosphere in either a
rapid thermal annealing (RTA) furnace or a tube oven. In the RTA furnace the
cells were exposed to a temperature of 200, 250 or 300◦C for a stepwise increasing
time (4 x 15 minutes followed by 6 x 30 minutes) up to a total of 4 h. In the tube
oven the cells were exposed to a temperature of 300◦C for 4 h. With sets of 3 cells
a stepwise long duration experiment (steps of 88 h, 128 h, 672 and 432 h) was
conducted in a vacuum oven at 200◦C for a total of 1320 h (55 days). Assuming
Ea equals 0.70 eV the first step equals 4 h at 300
◦C, step 1 and 2 a GEO mission,
step 1, 2 and 3 a LEO mission and all four steps the extreme scenario of 15 years
at 100◦C.
After each ALT step the cells were again characterized by J-V measurements.
No significant differences in results were observed between cells annealed stepwise
up to a total of 4 hours in the RTA furnace and cells annealed in a single step of
4 hours in the tube oven.
Based on the results of the ALT, cells were selected for transmission electron
microscopy (TEM) analysis. These solar cells were covered with a thin Pt pro-
tection layer. A cross-section was made and then thinned using focused ion beam
milling to allow for cross-sectional TEM analysis of the front contacts. TEM im-
ages were obtained with a FEI Titan G2 microscope equipped with EDX analysis
tools to determine the composition of the visualized structures.
Figure 7.2: Schematic depiction of the front surface of the solar cell. The dark
grey square indicates the actual 6 mm x 6 mm solar cell, the orange pattern is the
metal front contact grid consisting of a 1.66 mm x 5.76 mm bar with ten 4.08 mm x
160 µm grid fingers, the black area indicates the remainder of the n-GaAs contact
layer (1.7 mm x 5.8 mm bar with 4.1 mm x 200 µm grid fingers). The blue square
indicates the anti reflection coating (ARC), with the blue t-shape representing the
contact pad without ARC.
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7.3 Results and Discussion
7.3.1 Transmission electron microscopy
In figure 7.3 the J-V curve of an as processed cell (i.e. not subjected to ALT) with
an Au (100 nm) / Cu (500 nm) front contact and a TEM image of the front contact
of the same cell are shown. With a short-circuit current density Jsc (current at
zero voltage) of 15.3 mA/cm2, an open-circuit voltage Voc (voltage at zero current
density) of 1015 mV and a fill factor (measure for the squareness of the curve) of
83.4% the as processed cell has excellent J-V characteristics (see figure 7.3a). Jsc
may appear to be low (typical values being in the order of 25-30 mA/cm2), but
this is only related to the 45% coverage of the front contact. The TEM image
in figure 7.3b shows that the front contact in the as processed cell consists of
well defined GaAs, Au and Cu layers, with smooth interfaces between them. The
mono-crystalline GaAs contact layer shows no distinct features. The gold layer
appears quite dark, but shows some slightly lighter coloured areas suggesting the
presence of a multi-crystalline material. The colour differences in the Cu layer
indicate that several large Cu domains with different orientation are present.
The effect of increasing ALT temperatures on the front contact is illustrated in
figure 7.4. In figures 7.4b-7.4d TEM images of the front contact after 4 h ALT at
respectively 200, 250 and 300◦C are shown. In figure 7.4a the J-V curves of these
cells are plotted together with the J-V curve of an as processed cell. Although
the differences in the J-V curves after ALT are small, the TEM images in figures
7.4b-7.4d show a huge transformation in the morphology of the front contacts.
After 4 h ALT at 200◦C the contact morphology (see figure 7.4b) is only slightly
different compared to that of the as processed cell (see figure 7.3b). The interface
between Au and Cu is no longer smooth and some grains appear to have formed at
the interface, while the Au-GaAs interface is still intact and the Cu domains in the
Figure 7.3: a) J-V curve and b) TEM image of the Au (100 nm) / Cu (500 nm)
front contact of a cell before ALT.
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Figure 7.4: a) J-V curves and b-d) TEM images of the front contact for cells before
ALT (black curve), as well as after ALT of 4 h at 200◦C (light grey curve, image
b), 250◦C (dark grey curve, image c) and 300◦C (red curve, image d).
Cu layer are still visible. After ALT at 250◦C (see figure 7.4c) only a small part of
the polycrystalline Cu layer remains, while the largest part of it, together with the
Au layer, now have formed a grainy structure in which the individual Au and Cu
layers are no longer distinguishable. The interface between the metal and GaAs
appears slightly less smooth, though the GaAs contact layer is not noticeably
thinner. EDX analysis (not shown here) indicates that there are traces of As
present at the bottom of the metal layer, indicating that interaction between the
metals and the GaAs starts to occur. After 4h ALT at 300◦C the entire Cu layer
has disappeared, the interface between the GaAs contact layer and the metals has
become undulated and the GaAs contact layer is on average only 160 nm thick.
Hence part of the GaAs contact layer has interacted with the metals, which is
confirmed by the EDX measurements.
91
Figure 7.5: a) J-V curves and b-d) TEM images of the front contact for cells before
ALT (black curve), as well as after ALT for 4 h at 300◦C for a cell with 500 nm
Cu in the front contact (light grey curve, image b), 750 nm Cu in the front contact
(dark grey curve, image c) and 1000 nm Cu in the front contact (red curve, image
d).
The effect of increasing Cu thickness on the front contact is illustrated in figure
7.5. In figures 7.5b-7.5d TEM images of the front contacts after 4 h ALT at 300◦C
are shown for cells with respectively 500, 750 and 1000 nm Cu in the front contact.
The J-V curves of these cells are plotted together with the curve of an as processed
cell in figure 7.5a. The TEM pictures in figures 7.5b-7.5d show an interesting trend.
For the cell with an Au (100 nm) / Cu (500 nm) front contact after ALT (see figure
7.5b), the Au and Cu have interacted with the GaAs contact layer as the latter is
significantly thinner (∼ 140 nm) than the 300 nm that was deposited during cell
growth (note that figures 7.4d and 7.5b are images from different cells). For the
cell with 750 nm Cu in the front contact (see figure 7.5c) the GaAs layer thickness
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Figure 7.6: For a cell with Au (100 nm) / Cu (500 nm) front contact a) J-V curves
of the as processed cell (black curve) and after an ALT of 1320 h (red curve) at
200◦C and b) a TEM image of the front contact after an ALT of 1320 h at 200◦C.
has decreased to only ∼ 50 nm and for the cell with 1000 nm Cu in the front
contact (see 7.5d) the recrystallized Au-Cu-GaAs layer extends all the way to the
window and at some places it even seems to protrude the window. The window is
implemented to minimize surface recombination of minority carriers, large surface
recombination rates cause a reduction in Jsc. As Jsc does not decrease, it seems
unlikely that the recrystallized layer actually penetrated through the window.
Combining the information from J-V and TEM analysis it appears that once
the recrystallized layer starts to approach the window the Voc starts to drop. As
the recrystallized layer introduces additional grain boundaries which are known
to be very efficient diffusion pathways [114] it seems reasonable to assume that
due to recrystallization Cu atoms can diffuse rapidly from the top of the contact
(almost) to the window layer. From there the Cu atoms can diffuse into the active
region of the cell, where they introduce trap levels which cause a reduction in Voc.
The window appears to block the recrystallization process, but the decrease in Voc
shows that Cu diffusion can still proceed.
It is now interesting to see what the effects of long ALT at low (200◦C) tem-
perature are. In figure 7.6a the J-V curves are plotted for an as processed cell with
500 nm Cu in the front contact and of the same cell after 1320 h of ALT at 200◦C.
In figure 7.6b the TEM image of the front contact of the 500 nm Cu cell after 1320
h ALT at 200◦C is shown. Figure 7.6a shows that upon ALT Jsc remains constant
at 15.4-15.5 mA/cm2, that Voc decreases a little from 1015 mV to 997 mV and
that FF decreases from 82 to 77%. The shape of the J-V curve shows that the
parallel resistance of the sample has decreased. This decrease in parallel resistance
is only observed for cells with 5.0*1018 cm−3 Si-doped front contact layers as used
in this study. Additional experiments using cells with differently doped front con-
tact layers (Si- or Te-doped, carrier concentrations between 2.5*1018 and 1.6*1019
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cm−3) exposed to the same test do not show this behaviour. This indicates that
the decrease in Rp is not necessarily caused by merely the presence of Cu, but
critically depends on the interplay of all the layers of the cell interface.
The TEM image in figure 7.6b shows intermixing of the Au and Cu layers,
but the distinct grainy structure observed after 4 h ALT at temperatures ≥250◦C
has not formed. In this respect the sample shows more resemblance to the cell
exposed to 4 h ALT at 200◦C (see figure 7.4b). The interface between the Au/Cu
and GaAs layers is no longer smooth. As the thickness of the GaAs contact layer
is still approximately 300 nm (as observed in other TEM images not shown here)
only a very small amount of GaAs may have recrystallized with the metals. EDX
analysis shows no signs of either Ga or As in the metal layer, indicating that this
is indeed the case.
7.3.2 Degradation mechanism
Based on the TEM images and J-V curves two degradation mechanisms can be
distinguished, one that occurs at relatively low ALT temperatures (< 250◦C) and
one that takes place at higher ALT temperatures (≥ 250◦C). The two mechanisms
are schematically depicted in figure 7.7. Initially, as processed solar cells with
Au/Cu front contacts have a contact microstructure that consists of well defined
layers of GaAs, Au and Cu with smooth interfaces between them. The GaAs layer
is monocrystalline, the Cu layer is polycrystalline containing large grains with
different orientations, the crystallinity of the Au layer cannot be established from
the TEM image in figure 7.3b, but is most likely also polycrystalline.
After ALT at a relatively low temperature (< 250◦C, see left hand side of fig-
ure 7.7) the Au and Cu layers start to intermix. Initially the Au-GaAs interface
remains intact, as well as the majority of the Cu grains. The intermixing of the
Au and Cu layers proceeds with increasing ALT time, eventually resulting in an
intermixed Au/Cu layer with a diffuse Cu layer above it. The metal-GaAs inter-
face becomes slightly undulated, but no evidence of recrystallization of the GaAs
contact layers with the metals can be found in EDX analysis. The intermixing
process has no significant influence on the J-V curve of the solar cell, even after
1320 h at 200◦C the decrease in Voc is only a few percent, which is similar to the
degradation observed for Au contacted cells after the same ALT procedure.
At higher temperatures (≥ 250◦C, see right hand side of figure 7.7) the inter-
mixing of Au and Cu proceeds more rapidly and eventually a second degradation
mechanism starts to occur. Once Cu atoms reach the metal-GaAs interface, Cu
starts to recrystallize with the GaAs contact layer. Gradually the contact layer (al-
most) completely recrystallizes with the contact metals until the recrystallization
process is blocked by the AlInP window. The progressing of the recrystallization
process coincides with a decrease in the Voc of the solar cells (see figure 7.5).
The recrystallized layer shows a distinct grainy structure with well defined grain
boundaries. As grain boundaries are known to be very efficient diffusion path-
ways [114], any Cu left at the top of the recrystallized layer can diffuse rapidly
via these grain boundaries to the remaining contact layer and AlInP window and
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Figure 7.7: Schematic representation of the contact degradation mechanisms due
to ALT at low temperatures (T < 250◦C) and at high temperatures (T > 250◦C).
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from there into the active region of the solar cell. There it introduces trap levels
which cause the reduction in Voc.
The threshold temperature (∼ 250◦C) observed for the recrystallization process
is in agreement with the findings of Kinsbron et al. [113] for Au contacts on
(Al)GaAs. They describe a mechanism in which Au starts to alloy with Ga causing
As to diffuse out. In the present study EDX analysis of the cells exposed to
ALT at 300◦C indicate enhanced As concentrations at the top of the contact.
Therefore it seems likely that the degradation of Cu/Au/GaAs contacts proceeds
by a mechanism similar to the degradation mechanism described for Au/(Al)GaAs.
The observed degradation processes can also be related to the phase diagrams of
Au and Cu [109,110], Au and GaAs [111,112] and Cu and GaAs [111]. Below the
threshold temperature (∼ 250◦C) the Au/GaAs interface is stable, but the Au/Cu
interface is not. At the interface the Au:Cu ratio is approximately 1:1, upon ALT
this initially leads to intermixing of Au and Cu to form AuCu. Further from the
interface an Au rich solid solution will form on the Au side and a Cu rich solid
solution on the Cu side. The AuCu compound, Au rich solid solution and Cu
rich solid solution may react further to form additional phases. Eventually the
intermixing process reaches the Au/GaAs interface. This interface is destabilized
by the presence of Cu (which does not form a stable interface with GaAs), which
results in reaction of the Au and Cu with the GaAs to form GaxAuy, GaxCuy
and CuxAsy compounds. Thereby causing undulation of the surface. Above the
threshold temperature (∼ 250◦C) both the Au/Cu and Au/GaAs interfaces are
unstable. Again gradual intermixing of the Au and Cu layers occurs, during which
additional AuCu phases are formed. Now at the same time interactions also take
place a the Au/GaAs interface. Here the GaAs will decompose, upon which the As
diffuses out. The remaining Ga forms a compound with Au, while the out diffusing
As interacts with Cu to form a Cu rich CuxAsy phase. This recrystallization
process proceeds to form additional GaxAuy, GaxCuy and CuxAsy phases, until
the entire GaAs contact layer is consumed.
It appears that rapid Cu diffusion via grain boundaries introduced by recrys-
tallization of Au and Cu with the GaAs contact layer causes a reduction in Voc
at ALT temperatures above 250◦C. Below this temperature intermixing of the Au
and Cu occurs but this process progresses so slowly that even after 1320 h (55
days) at 200◦C (equal to 15 years at 100◦C at an Ea of 0.70 eV) no significant
reduction in cell performance is observed. Further experiments at 200◦C should
be conducted with thin-film solar cells in order to investigate whether Cu diffusion
really is a problem for application of ELO solar cells in a solar panel for space
applications. Potential solutions should be aimed at preventing the intermixing of
Au and Cu.
7.4 Conclusions
In order to gain a better understanding of Cu induced performance degradation,
GaAs solar cells with Au/Cu front contacts were exposed to accelerated life testing
(ALT). Based on J-V and TEM analysis two degradation mechanisms can be
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discerned, one occurring at relatively low ALT temperatures and one occurring at
higher ALT temperature. Initially the front contact microstructure of a solar cell
consists of well defined GaAs, Au and Cu layers. After ALT at low temperatures (<
250◦C) the Au and Cu layers intermix, eventually forming a completely intermixed
Au/Cu layer with a diffuse Cu layer on top of it. This intermixing process has no
significant impact on the J-V characteristics of the solar cells, even after ALT of
55 days at 200◦C (equal to 15 years at 100◦C at an Ea of 0.70 eV). At higher ALT
temperatures (≥ 250◦C) intermixing of Au and Cu occurs more rapidly and also
recrystallization of the metals with the GaAs contact layer takes place, yielding an
intermixed Au/Cu layer at the top of the contact with a recrystallized metal/GaAs
layer having distinct grains and well defined grain boundaries below it. Eventually
the GaAs contact layer (almost) completely recrystallizes with the metals until the
recrystallization process is blocked by the AlInP window. Via the grain boundaries
in this recrystallized layer, Cu atoms can diffuse rapidly into the active layers of
the solar cell, where they introduce trap levels and cause a decrease in Voc.
As the recrystallization process is highly unlikely to occur during operation
in space, it is necessary that future experiments with both substrate based and
thin-film cells are conducted at test temperatures well below 250◦C so as to gain
a better understanding of degradation at relatively low temperatures. As the
intermixing between Au and Cu also occurs at low temperatures and appears to
be the first step in the high temperature degradation process, a potential solution
to Cu diffusion should be aimed at stabilizing this interface. This can be done
either by replacement of Cu with a metal that forms a stable interface with Au or
by introducing a diffusion barrier which forms stable interfaces with both Au and
Cu.
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Chapter 8
Suitability of Ti and Ni as Diffusion Barriers for
III-V Space Solar Cells1
Abstract
Experiments were performed in order to explore the potential of Ti and Ni as Cu
diffusion barriers for III-V solar cells. Accelerated life testing with solar cells with
10 or 100nm thick Ti and Ni barriers at 300◦C indicates that 10nm thick barriers
show a better performance compared to 100nm thick barriers, but further experi-
ments at a lower temperature are required to validate this conclusion. Accelerated
life testing at 250◦C with solar cells with various front contacts containing a Ti
or Ni barrier shows that cells with Au/Ti/Cu, Ni/Cu and Au/Ni/Cu have a per-
formance better than cells with Au/Cu contacts. The Au/Ti/Cu contact scheme
appears to be most promising as cells with this contact scheme show degradation
behaviour similar to that of cells with plain Au contacts.
8.1 Introduction
Flexible, thin-film III-V solar cells obtained by the Epitaxial Lift-off (ELO) method
[83,84] offer excellent characteristics for implementation in flexible solar panels for
space applications [43]. They offer the same or even higher efficiencies than cells
on their native growth substrate [21,22,30,42] and a significant weight reduction is
achieved due to the removal of the growth substrate. Additional weight reduction
on module level may be achieved by replacement of the rigid aluminium honeycomb
support with a new flexible support and implementation of a flexible cover glass
[45]. Reduction of cell costs can be achieved by re-use of the expensive growth
substrates multiple times [19, 20] and/or by growing multiple devices on a single
substrate and peeling them off one by one [89, 90]. At the same time space offers
a challenging environment with for example high vacuum, harsh UV-irradiation,
electron and proton radiation and temperature cycling. These extreme conditions
present additional challenges in solar cell and panel design.
One of these challenges concerns the flexible support for the thin-film cells.
Currently a Cu foil is used as stabilization and handling support for the solar cells
[19] as it is both relatively cheap and compatible with all (post-)ELO processing
steps. Unfortunately Cu is also known to be a fast diffuser in many semiconductors
[54,55], where it may introduce a trap level in de middle of the band gap [58]. Such
1Based on: Suitability of Ti and Ni as Diffusion Barriers for III-V Space Solar Cells, R.H.
van Leest, G.J. Bauhuis, P. Mulder, K. de Kleijne, M. Hofmans, R. van der Heijden, E. Bongers,
E. Vlieg and J.J. Schermer Proceedings of the 43rd IEEE Photovoltaics Specialists Conference
(2016)
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trap levels can act as a pathway for non-radiative recombination and enhanced non-
radiative recombination causes a decrease in the open-circuit voltage Voc of the
solar cell. Therefore diffusion of copper from the handling foil into the active solar
cell device is likely to have a negative effect on the solar cell performance. The
challenging environment provided by space (particularly the enhanced maximum
temperature) may induce Cu diffusion from the carrier into the active solar cell
device. In previous work the potentially harmful effect of Cu diffusion on GaAs
solar cells was investigated and a decrease in Voc as a result of Cu diffusion was
indeed observed after exposure to elevated temperatures [187–189].
The simplest solution to avoid Cu diffusion is replacement of the Cu with a
different carrier material, but finding a material that is both cheap, compatible
with solar cell processing and compatible with the space environment might be
difficult if at all possible. An alternative may be found in the silicon semiconductor
industry where diffusion barriers are applied between the active device and the
metal contacts in order to avoid diffusion of the contact material into the device
[114]. Therefore research was focused on implementation of a diffusion barrier
between the copper and the III-V solar cell. Both Ti [115, 116] and Ni [117–123]
have been proposed as barrier materials for silicon solar cells with Cu contacts. As
both Ti and Ni can be easily applied with e-beam evaporation, have a reasonable
electrical conductivity and have a decent adhesion with Au, Cu and GaAs, it is
interesting to test their diffusion barrier performance for GaAs solar cells as well.
In order to accelerate the degradation process an accelerated life testing (ALT)
method was used, here it is assumed that operation for a long time (10-15 years)
at a relatively low temperature (≤ 100◦C) is equal to a relatively short period (few
hours or days) at a higher temperature (> 200◦C). This can be described with an
Arrhenius equation [144]:
top
tacc
= exp
[
Ea
k
(
1
Top
− 1
Tacc
)]
, (8.1)
in which k is the Boltzmann constant, Top and Tacc the operational temperature
and accelerated test temperature respectively, top and tacc the times at these tem-
peratures and Ea an activation energy for the degradation process. Experimental
determination of the activation energy is difficult, hence very few activation ener-
gies are reported in literature [144]. The requirements and standards division of
ESA-ESTEC advises in the ECSS-E-ST-20-08C (Space engineering: Photovoltaic
assemblies and components) to either determine the activation energy experimen-
tally or assume it is 0.70 eV for calculations [146]. In table 8.1 the calculated ALT
times are given for ALT temperatures of 200, 250 and 300◦C. As it was found in
previous work that ELO thin-film cells are incompatible with ALT at tempera-
tures > 200◦C [187], a substrate-based solar cell design was used in which the Cu
was applied on a 45% coverage front contact (see [187–189] for further details).
This work describes initial experiments with Ti and Ni barriers on substrate
based solar cells with a 45% coverage front contact grid containing Cu. Cells with
10 or 100 nm thick Ni and Ti barriers were exposed to 4 h of ALT at 300◦C in order
to investigate the influence of the barrier thickness (to be referred to as thickness
experiment) and cells with various deposition sequences of the front contact (bar-
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rier/Au, barrier/Cu, barrier/Au/Cu and Au/barrier/Cu) were exposed to 48 h of
ALT at 250◦C in order to find the best layer sequence (layer sequence experiment).
8.2 Experimental
A solar cell structure as described in table 8.2 was grown on 2” p-type substrates in
an Aixtron 200 MOCVD reactor at Radboud University, these cell structures were
used for the thickness experiments. The same structure with a Si-doped (carrier
concentration: 5.0*1018 cm−3) n-GaAs front contact layer was obtained from Azur
Space Solar Power GmbH on 4” p-type substrates, these were used for the layer
sequence experiments. On these solar cell structures a metal front contact grid
with 45% surface coverage was applied by e-beam evaporation. The front contact
compositions of the barrier thickness and barrier layer sequence experiments are
given in tables 8.3 and 8.4 respectively. Subsequently a 100 nm Au back contact
was applied by e-beam evaporation. Then 6 mm x 6 mm solar cells were created
by a MESA etch, the GaAs layers were etched with 1:2:10 NH4OH:H2O2:H2O so-
Table 8.1: ALT times at 200, 250 and 300◦C for GEO (Geosynchronous orbit, 15
years max 70◦C) and LEO (low-earth orbit, 10 years max 100◦C) missions and
for an extreme scenario (15 years max 100◦C) at activation energies (Ea) of 0.70
eV [146] and 1.02 eV [144].
Ea = 0.70 eV Ea = 1.02 eV
200◦C 250◦C 300◦C 200◦C 250◦C 300◦C
GEO 8.5 d 2.0 d 10.0 h 10 h 55.0 m 8.0 m
LEO 37.0 d 7.5 d 2.0 d 4.5 d 10.0 h 1.5 h
Extreme 55.0 d 11.0 d 3.0 d 7.0 d 15.0 h 2.5 h
Table 8.2: Schematic representation of the solar cell structure, specifying the ma-
terial, thickness, dopant type and carrier concentration of the different layers.
Layer material Thickness Dopant [Carrier]
(nm) (cm−3)
Front contact layer n-GaAs 300 Te 1.6*1019
Window n-AlInP 20 Si 4.0*1017
Emitter n-GaAs 75 Si 3.0*1018
Base p-GaAs 2000 Zn 1.0*1017
Back Surface Field p-InGaP 70 Zn 5.0*1017
Buffer layer p-GaAs 300 Zn 1.5*1018
Substrate p-GaAs n.s. Zn n.s.
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Table 8.3: Contact compositions for the barrier thickness experiments
Label Contact composition
Au Au (100 nm)
Au/Cu Au (100 nm) Cu (500 nm)
Ti10 Au (100 nm) Ti (10 nm) Cu (500 nm)
Ti100 Au (100 nm) Ti (100 nm) Cu (500 nm)
Ni10 Au (100 nm) Ni (10 nm) Cu (500 nm)
Ni100 Au (100 nm) Ni (100 nm) Cu (500 nm)
Table 8.4: Contact compositions for the layer sequence experiments
Label Contact composition
Au Au (100 nm)
Au/Cu Au (100 nm) Cu (1000 nm)
Ti/Au Ti (100 nm) Au (100 nm)
Ti/Cu Ti (100 nm) Cu (1000 nm)
Ti/Au/Cu Ti (100 nm) Au (100 nm) Cu (1000 nm)
Au/Ti/Cu Au (100 nm) Ti (100 nm) Cu (1000 nm)
Ni/Au Ni (100 nm) Au (100 nm)
Ni/Cu Ni (100 nm) Cu (1000 nm)
Ni/Au/Cu Ni (100 nm) Au (100 nm) Cu (1000 nm)
Au/Ni/Cu Au (100 nm) Ni (100 nm) Cu (1000 nm)
lution and the AlInP window with 37% HCl. The front contact layer was removed
between the grid fingers with 2:1:10 NH4OH:H2O2:H2O solution while protecting
the contact metals with a photoresist layer. Finally a 42.5 nm ZnS / 88.0 nm
MgF2 anti-reflection coating was applied by e-beam evaporation. All cells were
characterized by J-V measurements under 1 sun AM1.5 illumination with an Abet
Sun 2000 solar simulator and ReRa solutions Tracer 3.0 software.
For the barrier thickness experiments sets of 2 cells of each contact composition
were exposed to stepwise ALT at 300◦C in a rapid thermal annealing furnace under
N2 atmosphere, up to a total of 4 h (4 steps of 15 minutes, 6 steps of 30 minutes).
For the layer sequence experiments sets of 4 cells of each contact composition were
exposed to ALT in a tube oven under N2 atmosphere at 250
◦C to a total of 48 h
(in three steps of 8, 16 and 24 h respectively). After each step the cells were again
characterized by J-V measurements. For several solar cell parameters remaining
factors (R) were calculated according to: R-parameter = parameter value after
ALT / parameter value before ALT. The R values were then averaged over the 2
or 4 cells.
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8.3 Results & Discussion
8.3.1 Barrier thickness
In figure 8.1 the average Voc remaining factors of cells with 10 and 100 nm thick
Ti (figure 8.1a) and Ni ( figure 8.1b) barriers are plotted versus ALT time. The
average Voc remaining factors of cells with Au and Au/Cu front contact are plotted
for reference purposes. From figure 8.1 it is clear that the Voc of the cells with
Au contacts drops slightly during ALT, we assume all GaAs solar cells show this
degradation of a few percent as a result of ALT (at 300◦C). On the other hand
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Figure 8.1: Average Voc remaining factors of cells with 10 or 100 nm thick a) Ti
and b) Ni barriers plotted versus ALT time at 300◦C. The remaining factors of
barrier-less cells with Au and Au/Cu contacts are plotted as a reference. The lines
are a guide for the eye and serve to display the general trends.
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the Au/Cu cells have a more or less stable R-Voc of 0.99 up to 150 minutes of
ALT, but then it suddenly starts to decrease until it reaches a value below 0.90 (a
decrease of 10%) after 240 minutes.
The cells with 10 nm thick Ti barriers (pink squares in figure 8.1a) show approx-
imately the same sudden degradation behaviour as the cells without the barrier,
while the cells with 100 nm thick Ti barriers (red squares in figure 8.1a) show the
same general trend, but the degradation already starts after 120 minutes. The
10 nm and 100 nm thick Ni barriers show similar degradation behaviour with re-
spect to each other which, however is different from the behaviour observed for the
samples without barriers and with Ti barriers. R-Voc remains stable at 0.97-0.98
the first 45-60 minutes and then starts to decrease gradually (instead of abruptly)
until it is approximately 0.90 after 240 minutes. The estimated trend line for the
cells with Ni barriers crosses the estimated trend line of the Au/Cu cells without
barrier, which suggests that eventually the cells with the barrier have a better
performance.
In these experiments neither Ni nor Ti shows much promise as a barrier ma-
terial. However, considering the fact that degradation mechanisms are strongly
temperature dependent [189] the temperature dependence of the barrier perfor-
mance should be investigated before accurate conclusions can be drawn. The
results of the Ti barrier indicate that the 10 nm thick barrier performs better
than the 100 nm thick one, but a similar trend is not observed for the Ni barriers.
Further experiments at a lower temperature are required to establish whether the
barrier thickness is of importance.
8.3.2 Deposition sequence
In figure 8.2 the results of the deposition sequence experiment are displayed. Again
the Au cells show a slight decrease (1-2%) in Voc after ALT, while the Au/Cu cells
show a decrease of over 10% after 48 hours at 250◦C. The degradation of the Au/Cu
cells appears to be somewhat more gradual at 250◦C compared to 300◦C and the
degradation rate is significantly lower (24 h versus 4 h to reach R-Voc = 0.9). The
various deposition sequences have remarkably different results. Already after 24 h
the Voc remaining factors of cells with Ti/Au, Ti/Cu and Ti/Au/Cu contacts have
decreased to values well below 0.90 the R-Voc value of the Au/Cu cells (see figure
8.2a). The cells with Au/Ti/Cu front contacts on the other hand show degradation
behaviour similar to the Au cells (see figure 8.2a), indicating that Au/Ti/Cu may
actually be a suitable contact scheme for the thin-film cells. The results for the
Ni barriers (see figure 8.2b) are somewhat different from those of the Ti barriers
(figure 8.2a). The Ni/Au and Ni/Au/Cu cells already show degradation after 8
hours,which is more rapid than the Ti/Au and Ti/Au/Cu cells. Both the Ni/Cu
and Au/Ni/Cu cells show approximately 10% degradation after 48 hours, which is
slightly less than the Au/Cu cells. This suggests that Ni may at least slow down
the degradation process, further experiments at even lower temperatures and with
thinner barriers should establish the full potential of the Ni barriers.
The Au/barrier/Cu contact scheme shows the most promising results, this
agrees well with the outcome of a former study towards the degradation mechanism
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Figure 8.2: Average Voc remaining factors of cells with a) Ti and b) Ni barriers
with various deposition sequences plotted versus ALT time at 250◦C. The remain-
ing factors of cells with Au and Au/Cu contacts are plotted as a reference. The
lines are a guide for the eye and serve to display the general trends.
of Au/Cu based contacts which indicates that the intermixing of Cu and Au is
and important first step in the degradation process [189]. Therefore an approach
preventing or delaying of this intermixing as in the Au/barrier/Cu sequence might
be expected to be successful. Additionally this means that the Au mirror that
allows for thinner and slightly more efficient cells [22, 30] remains in contact with
the semiconductor. This is also preferable over a configuration in which the barrier
is applied between the mirror and the semiconductor since such a configuration
would have a lower efficiency.
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Figure 8.3: Comparison of the Voc remaining factors of a) 100 nm Ti barriers (red
markers) and b) 100 nm Ni barriers (red markers) after ALT at 250◦C (circular
markers) and 300◦C (square markers). The time axis scales are chosen in such a
way that 10 h at 300◦C coincides with 48 h at 250◦C (the calculated test times
required to simulate a GEO mission at Ea is 0.70eV, see table 8.1). The data
of Au (light grey markers) and Au/Cu cells (dark grey markers) are plotted as
a reference. The solid lines indicate the trends at 250◦C and the dashed lines
indicate the deviations from those trends at 300◦C.
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8.3.3 ALT temperature effects
As in both experiments Au/barrier(100 nm)/Cu cells have been prepared it is
interesting to plot compare the results obtained at 250 and 300◦C. In figure 8.3
the results of Au, Au/Cu and Au / barrier (100 nm) / Cu are plotted for ALT
at 250 and 300◦C, the scales are chosen such that 48 hours at 250◦C coincides
with 10 hours at 300◦C (the calculated test times for a GEO mission at those
temperatures for an Ea of 0.70 eV, see table 8.1). The light grey markers show
that at both temperatures the cells with Au contacts exhibit a slight decrease
in Voc, no significant difference between the two temperatures can be observed.
The dark grey markers of the Au/Cu cells indicate that at 300◦C the degradation
proceeds in a more abrupt fashion than at 250◦C, which might point to different
leading degradation mechanisms for the two temperatures. The experiment at
300◦C should be extended to validate this.
The most notable differences are observed for the cells with metal barriers. For
the Ti barriers in figure 8.3a, a rapid degradation is observed at 300◦C while at
250◦C the barrier appears to prevent/inhibit Cu diffusion, resulting in a similar
performance as the pure Au contacted cells. For the Ni barriers in figure 8.3b
the effect is less pronounced but also visible, degradation proceeds more slowly
at 250◦C. This indicates that at the different temperatures different degradation
mechanisms occur, most likely because certain interactions between the metals
only take place at temperatures > 250◦C, as is the case for the Au/Cu system [189].
Such high temperature interactions will not take place in space and hence the ALT
temperature should be lowered to properly investigate the effect of Cu diffusion
and the barrier performance of Ti and Ni.
8.4 Summary and outlook
Experiments with Ti and Ni barriers were performed in order to investigate the
optimal barrier thickness, barrier deposition sequence and test temperature. The
initial experiments with cells with 10 and 100 nm Ti and Ni barriers at ALT at
300◦C show that there is no significant difference between cells with or without
barrier. The 10 nm Ti barrier seems to have a better performance compared to the
100 nm thick Ti barrier, but for the 10 and 100 nm Ni barriers no such difference
is observed. Further experiments at lower temperatures are required to establish
whether or not the thin (10 nm) barriers perform better than thick (100 nm)
barriers.
The experiments with various front contact layer sequences show that cells
with Au/Ti/Cu, Ni/Cu and Au/Ni/Cu contacts exhibit less degradation than
cells with Au/Cu contacts. The fact that the Au/barrier/Cu contact sequence
shows the most promising results agrees well with the outcome of a former study
towards the degradation mechanism of Au/Cu based contacts which indicates
that the intermixing of Cu and Au is an important first step in the degradation
process [189]. Comparison of the results at 250 and 300◦C shows that at higher
temperatures different degradation processes may prevail. Since these are unlikely
to occur in space future ALT should be done at temperatures below 250◦C.
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Both Ti and Ni show some promise as barrier materials, but further experi-
ments with different barrier thickness and temperatures are required to establish
the full potential of each barrier. Several other metals have been proposed for
either Si or GaAs devices [124–126,190], it is therefore interesting to include other
(d-block) metals in further investigations in order to gain a better understanding
of what causes a barrier to work. Finally compatibility with (ELO) thin-film solar
cell preparation should be investigated for the most promising barrier materials.
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Chapter 9
Metal diffusion barriers for GaAs solar cells1
Abstract
The potential of 10 and 100 nm thick Ti, Ni, Pd and Pt layers as diffusion barriers
for Cu in GaAs solar cells was investigated by exposing solar cells with and without
these barriers to accelerated life-time testing (ALT) at temperatures between 200
and 300◦C. No clear barrier effect was observed for cells with Ti or Pt barriers,
which show degradation similar to cells without a barrier, while severe cell failures
were observed for cells with Pd barriers. On the other hand Ni shows significant
potential for application as a barrier layer. At 250◦C cells with 10 or 100 nm Ni
barriers show significantly less degradation than cells without a diffusion barrier,
with the cells with 10 nm Ni barriers showing very little degradation in electrical
performance. In the investigated temperature range cells with 100nm Ni barriers
suffer from an increase in Rs upon ALT, TEM image analysis shows that this
increase in resistance is caused by the formation of a Ni/Au/Cu layer. Additional
TEM image analysis shows that Ni does not act as a barrier in the sense that it
blocks interaction between Au and Cu, but that it alters the degradation mecha-
nisms occurring during ALT. The results indicate that Ni layers may be suitable
for application in (substrate-based) III-V devices. But more importantly these
results show that gaining a better understanding of the physical and chemical pro-
cesses that affect device degradation is of utmost importance in order to be able
to develop solutions for preventing device degradation.
9.1 Introduction
Thin-film III-V solar cells obtained by the epitaxial lift-off (ELO) method [83,
84, 147, 148, 173] offer excellent characteristics for implementation in space solar
panels [43–45]. Removal of the growth substrate reduces the panel weight by ∼
25% and an additional weight-reduction of ∼ 50% can be obtained if the rigid
cover glass and typically applied aluminium honeycomb / double Carbon Fibre
Reinforced Plastic (CFRP) sheet carrier are replaced by flexible (light-weight) al-
ternatives, allowing for a total weight reduction of up to 75% on panel level [45].
Such a weight reduction would significantly reduce the launch costs, which are
generally several thousands of Euros per kilogram depending on the type of space
mission. At the same time ELO cells offer similar or even higher efficiencies than
(III-V) cells on their native growth substrate [21,22,30,42,191] and the cost of the
cells may be reduced by multiple reuses of the expensive growth substrates [19,20].
1Based on: Metal diffusion barriers for GaAs solar cells, R.H. van Leest, G.J. Bauhuis, P.
Mulder, H. Cheun, H. Lee, W. Yoon, R. van der Heijden, E. Bongers, E. Vlieg and J.J. Schermer,
submitted
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However, the harsh space environment (vacuum, UV irradiation, high energy elec-
tron and proton irradiation, temperature cycling, etc.) [46] also adds a number
of challenges to solar cell and panel design. One of those challenges concerns the
thin-film solar cell carrier. The thin-film cell design currently used at Radboud
University utilizes a Cu handling and support foil as Cu is relatively cheap, com-
patible with the chemicals used in solar cell processing and can easily be applied
with a number of chemical and physical deposition methods. Unfortunately Cu
is also known to diffuse rapidly in most semiconductors [54, 55] and it forms mid
band gap trap levels [58] that may act as a non-radiative recombination pathway.
The extreme space environment (in particular the elevated maximum temperature
during temperature cycling) may induce Cu diffusion, thereby severely diminishing
the device performance.
In order to simulate long term exposure to an elevated temperature accelerated
life-time testing (ALT) can be used [144], which is based on the assumption that
operation for a long period of time at (relatively) low temperature is equivalent
to a short period of time at a higher temperature. This can be described with the
following equation [144]:
top
tacc
= exp
[
Ea
k
(
1
Top
− 1
Tacc
)]
, (9.1)
in which k is the Boltzmann constant, Top the regular operation temperature,
Tacc the accelerated test temperature, top and tacc the exposure times at the cor-
responding temperatures and Ea the activation energy for the dominating degra-
dation process. ESA’s requirements and standards division advises to use 0.70 eV
for calculations or to determine the actual activation energy experimentally [146].
Since determination of the activation energy is time consuming and difficult ex-
perimentally, only a few activation energies are reported in literature [142–145]
and none of them concerns space applications or (Cu) diffusion in III-V solar cells.
Therefore accelerated test times at various temperatures between 150 and 400◦C
were calculated for an activation energy of 0.70 eV, these are given in table 9.1
for a geosynchronous orbit mission (GEO: 15 years, Tmax = 70
◦C), a low-earth
orbit mission (LEO: 10 years, Tmax = 100
◦C) and an extreme scenario (Extreme:
15 years, 100◦C). A balance has to be found between a short tacc and the risk of
triggering additional degradation mechanisms at Tacc that do not actually occur
at Top. As thin-film cells were found to be incompatible with ALT at temper-
atures > 200◦C [187] a substrate-based model system was developed (see figure
9.1). Cu was applied at the front as otherwise it would have to diffuse through the
thick substrate first, before reaching the active solar cell device structure. As full
coverage of the front surface would prevent light entering the solar cell a ∼45%
coverage front contact (see figure 9.2) was used. Typically thick (≥ 500 nm) Cu
layers were applied on top of a thin Au layer (∼100 nm) that represents the Au
mirror / contact layer applied in the thin-film cells.
It was shown in previous work that cells with plain Au contacts show little
degradation at ALT temperatures between 200 and 400◦C [187, 192], while sig-
nificant degradations in cell performance are observed for cells with Au/Cu front
contacts at Tacc = 300
◦C [187,188]. Significantly reduced Voc values (upon ALT)
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Table 9.1: Calculated accelerated test times for a geosynchronous mission (GEO:
15 years, max 70◦C), a low-earth orbit mission (LEO: 10 years, max 100◦C) and an
extreme scenario (Extreme: 15 years, max 100◦C) at accelerated test temperatures
between 150 and 400◦C for an activation energy Ea of 0.70 eV. Test times were
rounded of towards the next half hour/day.
Ea = 0.70 eV
Tacc (
◦C) GEO LEO Extreme
150 62.5 d 278.5 d 1.5 y
200 8.5 d 37.0 d 55.0 d
250 2.0 d 7.5 d 11.0 d
300 10.0 h 2.0 d 3.0 d
350 3.5 h 14.5 h 21.5 h
400 1.5 h 5.5 h 8.5 h
p-GaAs substrate 
p-GaAs contact layer 
p-InGaP BSF 
p-GaAs base 
n-GaAs emitter 
n-AlInP window 
Au 
p-GaAs contact layer 
p-InGaP BSF 
p-GaAs base 
n-GaAs emitter 
n-AlInP window 
Au mirror 
Cu carrier 
Au Au Au 
Cu Cu 
a) ELO thin-film solar cell b) substrate solar cell 
n- GaAs n- GaAs n- GaAs 
Figure 9.1: Schematic representations of a) an ELO thin-film cell on a Cu carrier
and b) a substrate-based solar cell with high coverage Au/Cu front contact grid.
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Figure 9.2: Schematic representation of the front of the solar cell with the ∼45%
coverage metal grid depicted in orange.
point to enhanced non-radiative recombination via Cu trap levels. Upon further
investigation of the interaction of Cu with the solar cell structure two different
degradation mechanisms were identified: at relatively low temperatures (< 250◦C)
Au and Cu intermix without any significant effect on the solar cell performance,
while at higher temperatures (≥ 250◦C) the metals start to recrystallize with the
GaAs contact layer. This recrystallization process creates large crystallites sepa-
rated by grain boundaries via which Cu can diffuse rapidly into the active solar
cell device, thereby causing the observed decrease in Voc [189]. Although the in-
termixing of Au and Cu at low temperatures does not have a significant effect on
the device performance it is still undesirable as intermixing of the Au mirror and
Cu handling foil in a thin-film cell configuration degrades the mirror properties of
the Au and thereby the performance of the thin-film solar cells [192].
In order to prevent intermixing of the Cu handling foil and Au mirror and to
avoid Cu diffusion into the active solar cell device, a diffusion barrier [114] can
be implemented. Metal barriers are preferred as they can be easily implemented
in the current thin-film design used at Radboud University. Ti [115, 116] and
Ni [117–123] are prime candidates as they have already been evaluated as Cu
diffusion barriers in Si solar cells. Additionally Pd [193] has been investigated as
a diffusion barrier for Cu on GaAs. As Pt is one of the more inert metals and
is already implemented in Cu-based metallization schemes for solar cells [40, 41]
its barrier potential was also evaluated in this work. Application of Pt with the
available e-beam evaporation equipment proved to be tricky as a result of the
relatively high melting point of Pt. Other metals (in particular Ta) have also been
found to be good diffusion barriers [124–126], but unfortunately their high melting
points make them unsuitable for application by e-beam evaporation. In this study
the diffusion barrier potential of 10 and 100 nm thick Ti, Ni, Pd, and Pt layers
was investigated by exposing solar cells with these barriers to prolonged ALT at
temperatures between 200 and 300◦C. The most promising barriers were further
investigated by TEM analysis.
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Table 9.2: Investigated contact metallization schemes.
Contact Layer structure
reference Au barrier Cu
Au/Cu 100 nm – 1 µm
Ti10 100 nm 10 nm Ti 1 µm
Ti100 100 nm 100 nm Ti 1 µm
Ni10 100 nm 10 nm Ni 1 µm
Ni100 100 nm 100 nm Ni 1 µm
Pd10 100 nm 10 nm Pd 1 µm
Pd100 100 nm 100 nm Pd 1 µm
Pt10 100 nm 10 nm Pt 1 µm
Pt100 100 nm 100 nm Pt 1 µm
9.2 Materials and Methods
Solar cell structures as schematically depicted in figure 9.3 were obtained from a
third party supplier on 4” p-type GaAs wafers. Two of these wafers were cut into
6 pieces and on each of these pieces a set of at least 12 solar cells was prepared.
Nine different front contact metallization schemes were investigated. The layer
structures and the names these metallization schemes will be referred by are stated
in table 9.2. A barrier free Au/Cu metallization scheme is used as a worst case
scenario reference. First a front contact grid with ∼45% coverage (see figure 9.2)
and 100nm Au back contact were applied by e-beam evaporation. Then 6mm x
6mm solar cells were created by a MESA etch, the GaAs layers were etched with
a 1:2:10 NH4OH:H2O2:H2O solution and the AlInP and InGaP layers with a 37%
HCl solution. The front contact layer was removed between the grid fingers using
a 2:1:10 NH4OH:H2O2:H2O solution while the metal grid was protected by a layer
of photoresist. Finally a 42.5nm ZnS / 88.0nm MgF2 anti-reflection coating was
applied by e-beam evaporation. After preparation the cells were characterized by
current density-voltage (J-V) measurements, which were obtained with an ABET
2000 Solar Simulator and ReRa Tracer 3.0 software and by external quantum
efficiency (EQE) measurements obtained with a ReRa SpeQuest system and ReRa
Photor 3.1 software.
The cells were then exposed to stepwise prolonged ALT either at 200◦C in a
vacuum oven or at 250◦C or 300◦C in a tube oven under N2. The total ALT times
and number of cells exposed to each ALT step are given in table 9.3. The first
two steps equal a GEO mission and all four steps equal a LEO mission for an Ea
113
~600µm   Zn-doped   p-GaAs substrate 
300nm  1.5*1018cm-3 Zn-doped  p-GaAs buffer 
70nm   3.0*1017cm-3 Zn-doped  p-InGaP BSF 
2000nm  8.4*1016cm-3 Zn-doped  p-GaAs base 
75nm   3.8*1018cm-3 Si-doped  n-GaAs emitter 
20nm   2.0*1017cm-3 Si-doped  n-AlInP window 
300nm  5.0*1018cm-3 Si-doped  n-GaAs contact 
Figure 9.3: Schematic representation of the layer structure of the solar cells.
Table 9.3: Total ALT times and number of cells subjected to the ALT treatment
for ALT temperatures of 200, 250 and 300◦C. For each temperature the first two
steps represent the equivalent of a GEO mission and all four steps represent the
equivalent of a LEO mission for Ea = 0.70 eV.
temperature
after ALT
step
total ALT
time
number of
cells
mission
(Ea = 0.70 eV)
200◦C 1 4.25 days 4 cells
2 8.5 days 4 cells GEO
3 22.75 days 2 cells
4 37 days 2 cells LEO
250◦C 1 1 day 4 cells
2 2 days 4 cells GEO
3 4.75 days 2 cells
4 7.5 days 2 cells LEO
300◦C 1 5 hours 2 cells
2 10 hours – GEO
3 29 hours –
4 48 hours – LEO
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of 0.70 eV. For the 200 and 250◦C experiments 4 cells were exposed to the first
two steps and only 2 of those were exposed to the final two ALT steps. After each
step the cells were characterized by J-V and EQE measurements. From the J-V
curves before and after each ALT step remaining factors (R) were calculated for
the solar cell parameters Jsc, Voc and the fill factor (FF) according to:
R-parameter =
parameter value after ALT
parameter value as processed
. (9.2)
The remaining factors were then averaged over 2 or 4 cells for each step.
Based on the results of the ALT, cells were selected for transmission electron
microscopy (TEM) analysis. These solar cells were covered with a thin Pt pro-
tection layer. A cross-section was made and then thinned using focused ion beam
milling to allow for cross-sectional TEM analysis of the front contacts. TEM im-
ages were obtained with a FEI Titan G2 microscope equipped with EDX analysis
tools to determine the composition of the visualized structures.
9.3 Results and Discussion
9.3.1 General barrier assessment
In figure 9.4 the average Jsc, Voc and FF remaining factors of cells with various
front contact metallization schemes are plotted versus ALT time at Tacc = 200
◦C.
The general degradation trends of the Au/Cu cells are indicated by the solid lines.
Jsc remains stable (R-Jsc approximately 1.00), Voc decreases gradually by 1-2%
and FF decreases gradually by 5-10%. The most notable deviations from these
degradation trends are observed for cells with Pd barriers, which show severe
decreases in Voc and FF after 8.5 days and 4.25 days at 200
◦C for Pd10 and
Pd100 cells respectively. Eventually (after 22.75 and 8.5 days for Pd10 and Pd100
cells respectively) the Voc of these cells was found to be effectively zero, making
it impossible to obtain useful J-V characteristics. The fact that the cells with Pd
eventually show severe cell failure indicates that Pd is not suitable as a barrier
material. Additionally the FF of the Ni100 cells deviates from the trend observed
for Au/Cu cells. Initially a rapid decrease (12.5%) takes place after which a more
gradual decrease sets in, resulting in an R-FF value of 0.82 after 37 days at 200◦C.
No clear conclusions about the barrier potential of Ti, Pt and Ni barriers can
be drawn from the 200◦C data, as the observed degradation is similar to the
degradation barrier free Au/Cu reference.
Figure 9.5 shows the average Jsc, Voc and FF remaining factors of cells with
various front contact metallizations plotted versus ALT time at Tacc = 250
◦C. Af-
ter ALT the Voc of the Pd10 and Pd100 cells was effectively zero and no meaningful
J-V characteristics could be obtained, hence no remaining factors are plotted for
these cells. The Au/Cu cells display very different degradation trends compared
to the trends observed at Tacc = 200
◦C. The Jsc of the Au/Cu cells remains sta-
ble, Voc initially decreases very little than drops rapidly and finally stabilizes at
an R-Voc value of approximately 0.2 and FF initially shows a rapid drop followed
by a stabilization at an R-FF value of approximately 0.7. The Ti10, Ti100, Pt10
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Figure 9.4: Average a) Jsc, b) Voc and c) FF remaining factors of cells with various
front contact metallization schemes plotted versus ALT time at 200◦C. The black
lines indicate the general degradation trends of the Au/Cu cells and the dashed
lines indicate the most notable deviations.
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Figure 9.5: Average a) Jsc, b) Voc and c) FF remaining factors of cells with various
front contact metallization schemes plotted versus ALT time at 250◦C. The black
lines indicate the general degradation trends of the Au/Cu cells and the dashed
lines indicate the most notable deviations.
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Figure 9.6: Average Jsc (light grey bars), Voc (red bars) and FF (dark grey bars)
remaining factors for cells with various front contact metallization schemes after
5h ALT at 300◦C.
and Pt100 cells show degradation trends similar to or even (slightly) worse than
the Au/Cu cells, hence Ti and Pt can be discarded as potential barrier materials.
The average results obtained (after 48 hours at 250◦C) for the 100nm Ti barri-
ers are significantly worse than obtained with the same metallization scheme in
a preliminary study [194]. Closer analysis of the R-Voc values of the individual
Ti100 cells shows that after 24 hours at 250◦C two out of the four cells have an
R-Voc > 0.95, while the other two cells have an R-Voc < 0.8. After 48 hours at
250◦C these values have decreased to < 0.8 and < 0.3 respectively. This indicates
that the moment that rapid degradation kicks in can differ significantly for the
individual cells which hints that this degradation process had not yet started for
the cells in the preliminary experiments. The most notable results are displayed
by the Ni10 cells, which show virtually no decrease in Jsc and decreases of 3%
and 8% in Voc and FF respectively after 7.5 days at 250
◦C. This indicates that
a 10 nm Ni layer might be suitable as a Cu diffusion barrier for III-V solar cells.
Although the Ni100 cells show significantly more degradation than the Ni10 cells
(R-Voc values of 0.73 and 0.97 for the Ni100 and Ni10 cells respectively), the ob-
served degradation is far less severe than for Au/Cu cells (R-Voc values of 0.73 and
0.19 for the Ni100 and Au/Cu cells respectively). This indicates that a 100 nm
Ni barrier also inhibits Cu diffusion, but not as well as a 10 nm thick Ni barrier.
This dependence on thickness indicates that thin and thick Ni barriers affect the
degradation mechanism in different ways.
In figure 9.6 the average Jsc, Voc and FF remaining factors after 5 hours ALT
at 300◦C are plotted for cells with various front contact metallization schemes.
Again the Voc values of the Pd10 and Pd100 cells are basically zero after ALT,
therefore no bars are plotted for the cells with Pd barriers. Similar to the ALT
results at 200 and 250◦C the Jsc of the other cells remains more or less constant.
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Large decreases in Voc (R-Voc < 0.55) and FF (R-FF < 0.70) are observed for
all metallization schemes. All cells with barriers have (slightly) higher R-Voc and
R-FF values compared to cells without a diffusion barrier (Au/Cu) and cells with
100 nm thick barriers show (slightly) less degradation than cells with 10 nm thick
barriers. This suggests that at 300◦C the barrier delays the degradation somewhat,
but that it cannot prevent severe device degradation and hence that Ti, Ni, Pt
and Pd are all unsuitable as diffusion barriers at this temperature.
9.3.2 Detailed assessment of Ni barriers
The results described in section 9.3.1 clearly show that out of the investigated
metals Ni offers the greatest potential for application as a diffusion barrier in III-
V solar cells. In order to further study the barrier behaviour of 10 and 100 nm
Ni barriers the J-V curves of Au/Cu, Ni10 and Ni100 metallization schemes were
investigated in more detail. In figure 9.7a the J-V curves of as processed Au/Cu,
Ni10 and Ni100 cells, while the J-V curves of Au/Cu, Ni10 and Ni100 cells after 37
days at 200◦C, 7.5 days at 250◦C and 5 hours at 300◦C are plotted in figures 9.7b,
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Figure 9.7: J-V curves of a) as-processed Au/Cu, Ni10 and Ni100 cells (dashed
red, grey and black curves respectively) and of cells with Au/Cu, Ni10 and Ni100
metallization schemes (solid red, grey and black curves respectively) after b) 37
days at 200◦C, c) 7.5 days at 250◦C and d) 5 hours at 300◦C.
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Figure 9.8: Cross-sectional TEM image of the front contact of an as processed
Ni10 cell.
9.7c and 9.7d respectively, the curve of an as processed Au/Cu cell is plotted as a
reference. Initially the as processed cells have similar J-V curves with Jsc values of
∼ 15 mA/cm2, Voc values in the 940-970 mV range and FFs of 80-83%, as is shown
in figure 9.7a. After ALT the J-V curves shift towards the J axis, resulting in a
reduction of Voc. As Voc can be approximated by [102]: Voc ≈ kTq ln
(
Jsc
J0
)
and
Jsc changes very little, the decrease in Voc must be caused by an increase in dark
current density J0. The most likely source of the increase in J0 is increased (non-
radiative) recombination via trap levels, which may be introduced by in diffusion
of impurities such as Cu and Ni [58] or by introduction of other types of defects
during ALT. Additionally a clear increase in series resistance (RS) is observed
for the Ni100 cells after ALT at all three temperatures. Series resistance effects
are typically related to the contacts. Although Ni has a somewhat larger specific
resistance than Au and Cu ( 7.1*10−8, 2.3*10−8 and 1.7*10−8 Ω*m for Ni, Au and
Cu respectively) the series resistance is not visible in the J-V curves of as-processed
Ni100 cells (see figure 9.7a), which indicates that it is not the presence of a thick
(100nm) Ni layer that causes the resistance effect. Alloys typically have higher
resistances than the pure metals out of which they are formed, hence the increased
RS of Ni100 cells suggests that an interaction between the metals (and possibly
the GaAs contact layer) takes place and that in this reaction an alloy, compound
or structure is formed with a significantly higher specific resistance compared to
the pure metals. The fact that this increase in RS is only observed for the 100
nm thick Ni barrier indicates that the formation of this alloy/compound/structure
depends on the Ni thickness.
In order to further investigate the potential interactions at the front contact
cross-sectional TEM images of the front contacts were prepared. In figure 9.8 a
TEM image of the front contact of an as processed Ni10 cell is shown. This image
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Figure 9.9: TEM images of cells with a) Au/Cu b) Ni10 and c) Ni100 metallization
after 7.5 days at 250◦C. The black and grey text indicates the material composition
as established by EDX, the dashed green lines and green text indicate the layer
structure of an as processed cell.
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Figure 9.10: External quantum efficiency of an as-processed Au/Cu cell (black
curve) and an Au/Cu cell after 7.5 days of ALT at 250◦C
clearly shows that before ALT the front contact consists of well defined layers of
GaAs, Au, Ni and Cu with smooth interfaces in between, which is in agreement
with the results previously obtained for cells with Au/Cu front contacts [189]. In
figure 9.9 cross-sectional TEM images of the front contacts of Au/Cu, Ni10 and
Ni100 cells after 7.5 days at 250◦C are shown. The front contact of the Au/Cu
cell shows a recrystallized GaAs/Au/Cu layer with an intermixed/recrystallized
Au/Cu layer on top of it and a thin Cu layer at the front surface. The Cu and
Au/Cu layers are separated by small voids. The formation of a recrystallized
GaAs/Au/Cu layer and intermixed/recrystallized Au/Cu layer is in agreement
with previously described mechanisms, as is the presence of a Cu layer at the
surface [189]. However, the separation of the intermixed Au/Cu layer and Cu
layer by voids was not observed in previous work (compare figure 9.9a with figure
4c from [189]). As tacc in the current study is significantly larger than in the
previous investigations (7.5 days versus 4 hours) the degradation has proceeded
much further, which may explain the formation of voids between the Au/Cu and
Cu layers. The longer tacc used in this study also accounts for the progress in
the recrystallization of the metals with the GaAs contact layer and hence the
observed degradation in solar cell performance, as in diffusion of Cu via the grain
boundaries in the recrystallized GaAs/Au/Cu layer is most likely responsible for
the decrease in Voc [189]. The recrystallized GaAs/Au/Cu layer appears to have
interacted with the window at some points. However, if the window is actually
penetrated this will increase the surface recombination velocity at the front side of
the cell, yielding a reduced short circuit current density by a loss of blue response.
The investigated cells, however, do not suffer from a loss in Jsc (see figure 9.5a)
and their external quantum efficiencies before and after ALT are identical (as is
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Figure 9.11: TEM images of cells with a) Au/Cu b) Ni10 and c) Ni100 met-
allization after 5 hours at 300◦C. The black and grey text indicates the material
composition as established by EDX, the dashed green lines and green text indicate
the layer structure of an as processed cell.
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shown in figure 9.10), which indicates that the window is not penetrated and fully
operational.
Surprisingly the TEM images of the Ni10 cell appear to be remarkably similar
to those of the cell without a barrier (compare figures 9.9a and 9.9b), while their
J-V characteristics are very different (compare the solid red and solid grey curve
in figure 9.7c). Still small differences in the contact structure can be observed.
Firstly the recrystallized GaAs/Au/Cu layer in the Ni10 appears to consist of
grains that are significantly larger in the lateral direction compared to the grains
in the Au/Cu cell and secondly the intermixed Au/Cu layer appears to be more
diffuse in the Ni10 cell. The larger (lateral) grain size may account for the relatively
minor decrease in Voc of Ni10 cells as larger grains imply that there are less grain
boundaries via which Cu can diffuse into the cell. Additionally Nicolet [114] has
described multiple mechanisms by which a diffusion barrier may inhibit diffusion,
one of those mechanisms describes a so-called stuffed barrier where impurities
are used to block the grain boundaries, thereby avoiding diffusion. It is possible
that the Ni atoms block the grain boundaries in the recrystallized GaAs/Au/Cu
layer thereby preventing in diffusion of Cu. Compared to the cells without barrier
and with 10 nm Ni barrier the cell with 100 nm Ni barrier shows a few remarkable
differences. The voids between the intermixed Au/Cu layer and Cu layer are much
larger and an additional Ni/Au/Cu layer is present between the recrystallized
GaAs/Au/Cu layer and intermixed Au/Cu layer. The thickness and location of
this additional layer suggest that it is the remainder of the Ni barrier (see dashed
green lines indicating the original layer structure). As alloys tend to have larger
resistances compared to the pure metals the formation of this additional Ni/Au/Cu
layer appears to be responsible for the increase in series resistance observed for
the Ni100 cells. This increase in RS is not caused by the formation of large voids,
as such void formation is also observed for Au/Cu and Ni10 cells after ALT at
300◦C (see figure 9.11), which do not show a decrease in RS (see figure 9.7d).
EDX analysis shows that Cu and Au are present at both sides of the Ni/Au/Cu
layer which indicates that Ni does not act as a diffusion barrier in the sense that
it prevents diffusion of Cu (and Au) across the barrier, but alters the degradation
process in a different way.
TEM images of the front contacts of Au/Cu, Ni10 and Ni100 cells after 5 hours
of ALT at 300◦C are shown in figure 9.11. The front contact of the Au/Cu cell
shows a similar microstructure as after ALT at 250◦C (compare figures 9.9a and
9.11a), the most notable differences are the thinner Cu layer and larger voids that
have formed during ALT at 300◦C. More significant differences in microstructure
can be observed for the Ni10 cells (compare figures 9.9b and 9.11b). Similar to the
Au/Cu cells a thinner Cu layer and larger voids have formed upon ALT at 300◦C,
but additionally the lateral grain size in the GaAs/Au/Cu layer is smaller after
ALT at 300◦C (compared to 250◦C) and the intermixed Au/Cu layer has a grainy
appearance which is quite different from the diffuse layer which has formed during
ALT at 250◦C. The front contact microstructure of the Ni100 cell after ALT at
300◦C is similar to the Ni100 microstructure after ALT at 250◦C (compare figures
9.9c and 9.11c). The most notable difference is the composition of the layer above
the Ni/Au/Cu layer. EDX analysis shows that after 5 hours of ALT at 300◦C
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this layer is composed solely out of Cu, whereas traces of Au are present after 7.5
days of ALT 250◦C. This indicates that the presence of the Ni barrier significantly
slows down the diffusion of Au into Cu, but not the diffusion of Cu into the Au
(and GaAs) layer(s).
9.3.3 Barrier mechanism
The TEM images clearly show that the Ni layers do not act as a barrier in the
classical sense (i.e. preventing diffusion of Cu and Au across the barrier), but
that they reduce Cu related degradation by a different mechanism. Based on
the TEM images, J-V measurements and phase diagrams of GaAs, Au, Cu and
Ni [109–112,195–197] an alternative degradation mechanism can be proposed. Let
us first recall the degradation mechanisms occurring in cells without a ’diffusion’
barrier [189]. Two processes may take place: intermixing of Au and Cu and
recrystallization of GaAs with Au and/or Cu. According to the Au-Cu phase
diagram [109,110] the Au/Cu interface is intrinsically unstable which implies that
even at room temperature Au and Cu will slowly intermix. As this intermixing
process depends on the diffusion of Au into Cu and Cu into Au and diffusion is
temperature dependent (DT = D0exp(Ea/kT)) the intermixing will proceed more
rapidly at elevated temperatures. At temperatures below ∼ 250◦C the GaAs/Au
interface is stable [113] and further interaction can only occur once the intermixing
process reaches the Au/GaAs interface and Cu destabilizes the interface (GaAs
and Cu do not form a stable interface [111]) allowing for the recrystallization of
the metals with the GaAs contact layer. The TEM image of a cell with Au/Cu
front contact after 55 days at 200◦C (equivalent to 15 years at 100◦C for Ea =
0.70 eV) shown in figure 6b of [189] shows only mild undulation of the Au/GaAs
interface. This indicates that at temperatures below ∼ 250◦C full recrystallization
of the GaAs contact layer with the metals is unlikely to occur within ALT times
relevant for the anticipated application. The remaining factors after ALT at 200◦C
(see figure 9.4) show that this intermixing process has no significant effect on the
cell performance of substrate-based cells. At temperatures above ∼ 250◦C on the
other hand the Au/GaAs interface gets unstable, resulting in the decomposition
of GaAs [113]. Ga can now ’recrystallize’ with Au to form GaxAuy compounds,
while the As diffuses out and may form CuxAsy compounds with Cu on its way
out. At the same time the intermixing of Au and Cu also proceeds at the Au/Cu
interface. Eventually these two processes result in a recrystallized GaAs/Au/Cu
layer with an intermixed Au/Cu layer on top (see figures 9.9a and 9.11a). The
grain boundaries in the recrystallized layer allow for rapid diffusion of Cu to the
window and into the active solar cell, where it creates trap levels that increase
non-radiative recombination and thereby decrease Voc (see remaining factors in
figures 9.5 and 9.6).
In the presence of a Ni ’diffusion’ barrier the unstable Au/Cu interface is
replaced by two new interfaces: Au/Ni and Ni/Cu. The phase diagrams of Au
and Ni [195,196] and Ni and Cu [197] indicate that both these interfaces are also
unstable and thus that intermixing is likely to occur. From the TEM images of
the cells with 100 nm thick Ni barriers after ALT (figures 9.9c and 9.11c) it can be
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deduced that intermixing of Au and Ni dominates as the top and bottom edges of
the intermixed Ni/Au/Cu layer appear to coincide with the original Au/GaAs and
Ni/Cu interfaces. At ALT temperatures below ∼ 250◦C Au and Ni will gradually
intermix to form an Au/Ni layer, while from the top small amounts of Cu diffuse
into the layer as well. The Au/GaAs interface is stable until Ni and/or Cu (which
do not form stable interfaces with GaAs [111]) reach(es) the interface as a result
of the intermixing of the metals. The fact that no significant drops in Voc are
observed after 37 days at 200◦C (see figure 9.4b) indicates that recrystallization of
the metals with the GaAs contact layer has not started yet or has not progressed
sufficiently to allow for Cu diffusion. The initial thickness of the Ni layer affects
the electrical performance of the cell as the atomic % of Ni in the newly formed
Au/Ni/Cu layer is different for 10 and 100 nm thick Ni layers. Larger atomic %
of Ni increase the resistivity of the Au/Ni/Cu layer, thereby causing the increased
series resistance (see figure 9.7b) and hence the decrease in FF observed for Ni100
cells (see figure 9.4c).
At ALT temperatures above ∼ 250◦C additional degradation processes start to
kick in, as the GaAs/Au interface becomes unstable. This may result in the decom-
position of GaAs and recrystallization of GaAs with the contact metals. The TEM
image of a Ni100 cell after 7.5 days at 250◦C (see figure 9.9c) clearly shows that the
GaAs contact layer has interacted with the metals. The relatively smooth interface
between the recrystallized GaAs/metal layer and intermixed Ni/Au/Cu layer sug-
gests that the presence of the intermixed metal layer somewhat inhibits/controls
the recrystallization process. The observed drop in Voc (see figure 9.5b) indicates
that Cu diffuses into the active solar cell region, the fact that the decrease in Voc is
smaller than for a cell without barrier suggests that the presence of the intermixed
Au/Ni/Cu layer slows down the diffusion process. The TEM imgae of the Ni10
cell (see figure 9.9b) shows that a 10 nm Ni barrier is not sufficient to confine the
recrystallization of the GaAs layer. However it appears that the presence of Ni
allows for the formation of recrystallized grains with a relatively large lateral size,
thereby reducing the number of grain boundaries and thus rapid Cu diffusion path-
ways. Possibly the Ni atoms block the grain boundaries, but further investigations
are required to validate this. Increase of the ALT temperature to 300◦C causes a
more rapid proceeding of the different mechanisms, for the cells with 100 nm Ni
barriers this does not affect the electrical performance and contact microstructure
much, but the results for the cells with 10 nm Ni barriers are significantly different
from the results at 250◦C. Apparently the recrystallization process now proceeds
fast enough to form a sufficient number of grain boundaries in the recrystallized
layer. Thereby allowing Cu to diffuse to the window and into the active solar cell,
where it induces a reduction in Voc.
9.4 Conclusions
In this study the potential of 10 and 100 nm thick Ti, Ni, Pd and Pt layers as
Cu diffusion barriers for III-V solar cells was investigated by accelerated life-time
testing (ALT) at temperatures between 200 and 300◦C. At all temperatures severe
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cell failures (Voc values of almost 0) were observed for cells with Pd barriers, which
indicates Pd is totally unsuitable as a Cu diffusion barrier. Cells with Ti or Pt
barriers showed similar degradation behaviour as cells without a diffusion barrier
and are therefore also considered unsuitable. The best barrier potential is displayed
by the Ni barriers, as at 250◦C both Ni10 and Ni100 cells show significantly better
performance compared to Au/Cu cells, with the Ni10 cells showing very little
degradation. More detailed investigation of the Ni barriers shows that during
ALT the series resistance RS of the Ni100 cells significantly increases and that this
increase in RS is most likely caused by the formation of a Ni/Au/Cu alloy with
higher resistance compared to the pure metals. Further analysis by TEM imaging
revealed that the Ni does not act as a barrier in the classical sense (i.e. preventing
diffusion of Cu and Au across the barrier), but that it affects the interactions
taking place during device degradation. The results show that Ni layers may be
suitable for application in (substrate-based) III-V devices. But more importantly
these results also show that gaining a better understanding of the physical and
chemical processes that affect device degradation is of utmost importance in order
to be able to develop solutions for preventing device degradation. The combined
use of ALT, J-V characterization, TEM imaging and phase diagram interpretation
have been proven to be an excellent approach to gain this understanding.
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Chapter 10
Accelerated life-time testing of thin-film solar cells
for space applications1
Abstract
High efficiency, thin-film III-V solar cells offer excellent characteristics for imple-
mentation in flexible solar panels for space applications. In order to investigate the
space compatibility of such cells both substrate-based cells with Au and Au/Cu
contacts and thin-film cells on Au and Cu carriers were exposed to accelerated
life-time testing (ALT) at 200◦C. With less than 3% decrease in efficiency after 37
days at 200◦C (equivalent to 10 years at 100◦C for Ea = 0.70 eV) the substrate-
based cells show excellent results. With a 10% decrease in efficiency after 37 days
of ALT the thin-film cells on an Au carrier exhibit promising results, given the
early stage of development of the thin-film cells. On the other hand severe degra-
dation is observed for thin-film cells on a Cu carrier (decrease in efficiency > 60%
after 37 days of ALT). At least two factors contribute to this severe degradation:
thermally induced stress and Cu diffusion.
10.1 Introduction
In order to obtain even higher efficiencies than the current triple-junction In-
GaP/(In)GaAs/Ge benchmark for space and concentrator photovoltaic applica-
tions, novel device designs are required. Currently, most attention is directed
towards the inverted metamorphic (IMM) approach [13, 15, 17], in which first the
InGaP and (In)GaAs top junctions are grown lattice matched to the substrate
(typically GaAs) and then compositionally graded buffers are used to grow one or
more additional junctions lattice mismatched to the substrate. Due to the inverse
growth order a substrate removal is required to clear the front surface of the cell.
Alternatively InGaP/(In)GaAs dual junctions can be grown lattice matched on
GaAs and InGaAsP/InGaAs dual junctions can be grown lattice matched on InP
substrates after which the two can be combined by wafer-bonding [32] or mechan-
ical stacking [33]. This approach also requires substrate removal to clear the front
surface of the cell and preferably substrate removal at the backside as well, in order
to allow for implementation of a photon-confining mirror at the back [29–31,150].
For research purposes these novel III-V devices are often mounted to a glass or
silicon substrate [15,22,43], but they have the intrinsic potential to be turned into
1Based on: Temperature-Induced Degradation of Thin-Film III-V Solar Cells for Space Ap-
plications, R.H. van Leest, P. Mulder, N.Gruginskie, S.C.W. van Laar, G.J. Bauhuis, H. Cheun,
H. Lee, W. Yoon, R. van der Heijden, E. Bongers, E. Vlieg and J.J. Schermer IEEE Journal of
Photovoltaics (2017) DOI: 10.1109/JPHOTOV.2016.2642642
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genuine thin-film devices if the active cell structure in its final device configuration
is transferred to a thin and flexible carrier.
Such thin-film III-V solar cells offer excellent characteristics for implementation
in next generation space solar panels. The removal of the growth substrate and
the replacement of the rigid cover glass and support with light-weight (flexible)
alternatives allow for a total weight reduction of ∼ 75% compared to classic III-
V substrate-based multi-junction cells on double carbon fibre sheet / aluminium
honeycomb panels [45], while at the same time the highest possible solar cell
efficiencies can be obtained for these devices [15,18,79]. The use of a flexible cover
glass and implementation of a flexible carrier also allow for new panel designs,
such as a configuration that is rolled up during launch and rolled out during
deployment, reducing the volume during launch. For research purposes substrates
are often removed by chemical etching or polishing, but use of a substrate removal
technique that allows for re-use of the expensive growth substrate [19,20] would add
an additional cost reduction to the solar cells. The two main candidates currently
investigated for non-destructive substrate removal are the epitaxial lift-off (ELO)
method [21, 83, 84, 87] and the controlled spalling method [25, 27]. Both these
methods already implement metal foil carriers as flexible handling and thin-film
support during substrate removal [26,28,47,88,100].
However, space also provides a harsh environment (vacuum, harsh UV, elec-
tron and proton radiation, temperature cycling) which adds additional design chal-
lenges. Although thin-film III-V solar cells promise to be the devices of choice for
the next generation of space solar cells, reports of space environmental testing of
thin-film III-V solar cells are very limited. Initial reports indicate that radiation
does not necessarily affect thin-film GaAs solar cells more than substrate-based
cells [43] and that it is possible to obtain radiation hardened 4-junction IMM
cells [106]. Furthermore, initial thermal cycling experiments with thin-film cells
sandwiched between two CMG cover glasses showed promising results [43] and
the results of initial in-orbit tests of film-laminated InGaP/GaAs dual-junction
cells indicate that the observed degradation is most likely caused by UV induced
degradation of the lamination foil [105] rather than of the solar cells themselves.
A number of design challenges remain to be addressed. These include the need
for thin-film interconnection techniques, suitable radiation and UV resistant flex-
ible cover glasses [44,45] and in particular a space compatible flexible carrier and
support.
The ELO process currently used at Radboud University (see figure 10.1) utilizes
a Cu carrier for handling and support of the thin-film semiconductor structures,
as Cu is relatively cheap and compatible with all (post-)ELO solar cell processing
steps. However, Cu is known to diffuse rapidly into many semiconductors [55]
and to introduce mid band gap trap levels [58]. The harsh environment provided
by space (particularly the elevated maximum temperature during temperature
cycling) may induce Cu diffusion, having a potentially detrimental effect on the
device performance. Since Cu diffusion is exponentially temperature dependent
(D=D0 exp (-Ea/kT)) accelerated life-time testing (ALT) can be used to accelerate
the degradation process. ALT assumes that operation for a long period of time at
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Figure 10.1: Thin-film solar cells on a metal foil as obtained by epitaxial lift-off
from a 2” GaAs substrate.
a (relatively) low temperature equals a short period of time (few days) at a higher
temperature. This can be described with the following equation [144]:
top
tacc
= exp
[
Ea
k
(
1
Top
− 1
Tacc
)]
(10.1)
in which k is the Boltzmann constant, Ea the activation energy for the degra-
dation process, Top the regular operation temperature, Tacc the accelerated test
temperature and top and tacc the exposure times to the corresponding tempera-
tures. The main difficulty with this generally applied method is that activation
energy determination is difficult and hence there are very few activation energies
reported for solar cell degradation [142–144] and none of these concern (Cu) diffu-
sion. The European Cooperation for Space Standardization (ECSS) standard for
photovoltaic assemblies and components (ECSS-EST-20-08C [146]) advises to use
an Ea of 0.70 eV in calculations. For an accelerated test temperature of 200
◦C this
results in ALT times of 8.5, 37 and 55 days for simulation of a Geosynchronous
orbit mission (GEO, 15 years, max 70◦C), a Low-Earth orbit mission (LEO, 10
years, max 100◦C) and an extreme scenario (15 years, max 100◦C) respectively.
In a previous study [189] it was observed that at ALT temperatures < 250◦C
Cu diffusion has no significant effect on the J-V characteristics of substrate-based
solar cells. In this paper we report the first results of accelerated life-time testing
at 200◦C of thin-film III-V solar cells on Cu and Au carriers and compare them
with the ALT results of substrate-based solar cells with and without Cu. Three
different types of cells on a Cu carrier were compared. Both regular n-type emitter
on p-type base as well as p-type emitter on n-type base devices were prepared, as
Cu diffusion may affect n-type and p-type material differently and Cu is at the
n-type side in the substrate-based cells and on the p-type side in the ELO cells. In
order to exclude the potential effects of the ELO process (particularly the sample
bending during lift-off) on the diffusion process, also substrate etched cells with n-
on-p geometry were prepared which remained planar during the entire production
process. Finally the implications of these results for application of thin-film III-V
solar cells in next generation space solar panels are discussed.
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10.2 Materials and Methods
10.2.1 Solar cell processing
Substrate-based cells
A substrate-based system was used as a reference, here the Cu is applied at the
front contact so it does not have to diffuse through the thick > 300 µm substrates
first and a grid pattern with 45% coverage (see fig 7.2) is used to apply a significant
amount of Cu [187,189]. Solar cell structures as depicted in figure 5.1a were grown
on 2” p-type GaAs substrates in an Aixtron 200 MOCVD reactor at Radboud
University or obtained from a third party supplier on 4” p-type substrates. Zn
was used for p-type doping and Si for n-type doping. First metal front contacts
(100 nm Au or 100 nm Au / 3 µm Cu) and 100 nm Au back contacts were applied
by e-beam evaporation. After metallization 6 mm x 6 mm cells were created by
a MESA etch. The GaAs layers were etched with a 1:2:10 NH4OH:H2O2:H2O
etch and the AlInP and InGaP layers with a 37% HCl solution. Then the contact
layer was removed between the grid fingers with a 2:1:10 NH4OH:H2O2:H2O etch.
Finally a ZnS (42.5 nm)/MgF2 (88.0 nm) anti-reflection coating was applied by
e-beam evaporation, resulting in cells schematically depicted in figure 10.4a.
Thin-film cells
Thin-film solar cell structures were grown on 2” n-type substrates in an Aixtron 200
MOCVD reactor at Radboud University or obtained from a third party supplier
on 4” n-type substrates. First either an ELO structure (figure 5.1b) or a substrate
etch structure (figure 5.1c) was grown on top of the n-type GaAs substrate, then
the actual solar cell structures as shown in figures 5.1d and 5.1e were grown either
upright or inverted on top of the AlGaInP etch stop. Zn was used for p-type
doping and Si for n-type doping, the n-GaAs contact layers were Te-doped except
Figure 10.2: Schematic representation of the front side of the solar cells (black
area 6 mm x 6 mm). The grey pattern indicates the metal grid (45% coverage by
10 160 µm x 4.1 mm fingers and a 1.66 mm x 5.76 mm contact pad).
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Figure 10.3: Schematic representations of a) a substrate-based solar cell structure
b) ELO structure c) substrate etch cell structure d) n-on-p solar cell structure and
e) p-on-n solar cell structure. The solar cell structures d and e were grown either
upright or inverted on top of the ELO (b) or substrate etch (c) structures.
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Figure 10.4: Schematic representations of a) a substrate-based solar cell with
Au/Cu front contacts and b) a thin-film solar cell on a Cu carrier.
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for the ELO cells on an Au carrier. InGaP windows were used for the p-on-n cells
and the cells on an Au carrier, while AlInP windows were used in the n-on-p cells
on a Cu carrier. The thickness of the p-type contact layer of the n-on-p cells was
varied: 300 nm for the cells on an Au carrier, 50 nm for the first series of ELO cells
on a Cu carrier and 100 nm for the substrate etched cells and the second series of
ELO cells on a Cu carrier.
A flexible handle was applied to the solar cell structures after which they were
removed from their growth substrates either by epitaxial lift-off [19] or by sub-
strate etching with a 5:1 citric acid (1kg in 1kg H2O) : H2O2 (32%) solution.
After substrate removal the cell structures were transferred to a ∼ 20 µm Au
foil/back contact or to a ∼ 25 µm Cu foil with a 100 nm Au mirror/back contact
and then mounted on a temporary glass carrier for further processing. Then a
200 nm thick Au front contact with 45% coverage (see figure 7.2) was applied by
e-beam evaporation. Solar cells (6mm x 6mm) were created by a MESA etch. A
1:2:10 NH4OH:H2O2:H2O solution was used for the GaAs layers and a 1:100:200
Br2:HBr:H2O solution was used for the AlInP and InGaP layers. All semiconduc-
tor layers were removed, in such a way that the Au mirror / back contact became
exposed after the MESA etch. The front contact layer between the metal grid
fingers was removed with 2:1:10 NH4OH:H2O2:H2O solution. Then a ZnS (42.5
nm)/MgF2 (88.0 nm) anti-reflection coating was applied by e-beam evaporation.
Resulting in thin-film cells with a structure as schematically depicted in figure
10.4b. Finally the sample was removed from the temporary glass carrier and cut
into smaller pieces typically including 3-6 cells with a scalpel.
10.2.2 Characterization and accelerated life-time testing
After cell preparation the solar cells were characterized by J-V measurements
with an ABET 2000 solar simulator and ReRa Tracer 3.0 measurement software
and by EQE measurements with a ReRa SpeQuest system with ReRa Photor 3.1
measurement software. Sets of 3-6 cells were then exposed to stepwise accelerated
life testing (ALT) in a vacuum oven at 200◦C up to a total of 37 days (equal to 10
years at 100◦C for an Ea of 0.70 eV), for some of the cells the test was extended
to 55 days (equal to 15 years at 100◦C for Ea = 0.70 eV). After each ALT step the
J-V and EQE of the cells were measured and for the short-circuit current density
(Jsc), the open-circuit voltage (Voc), the fill factor (FF) and the efficiency (η)
remaining factors (R) were calculated according to:
R-parameter =
parameter value after ALT
parameter value as processed
. (10.2)
The R values were then averaged over the set of cells.
Based on the results of the ALT, cells were selected for transmission electron
microscopy (TEM) analysis. These solar cells were covered with a thin Pt pro-
tection layer. A cross-section was made and then thinned using focused ion beam
milling to allow for cross-sectional TEM analysis of the front contacts. TEM
images were obtained with a FEI Titan G2 microscope.
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10.3 Results and Discussion
10.3.1 Accelerated life-time testing of thin-film III-V solar cells
In figure 10.5 the average Jsc, Voc, FF and η remaining factors of substrate-based
and ELO thin-film cells with and without Cu are plotted as a function of ALT
time. Both the Au and Cu substrate-based cells show little degradation, indicated
by the R-η values which remain above 0.97 after 37 days at 200◦C (equal to 10
years at 100◦C at an Ea of 0.70 eV). The other remaining factors indicate that this
minor decrease in performance is mainly due to decreases in Voc and FF. Voc losses
are typically caused by enhanced non-radiative recombination, while decreases in
FF may be related to changes in Jsc, Voc and resistance. As these decreases occur
for both Au and Cu contacts, they must be caused by general (i.e. non Cu specific)
temperature induced degradation mechanisms. These results clearly indicate that,
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Figure 10.5: Average a) Jsc b) Voc c) fill factor (FF) and d) efficiency (η) remaining
factors plotted as a function of ALT time for substrate-based cells with Au front
contacts (grey triangles), substrate-based cells with Au (100 nm) / Cu (3 µm)
front contacts (red triangles), ELO thin-film cells on a 20 µm Au carrier (grey
circles) and ELO thin-film cells on a 25 µm Cu carrier (red circles). As a guide
to the eye the general degradation trends are indicated for substrate-based cells
(dotted lines), thin-film cells on Au carriers (dashed lines) and thin-film cells on
Cu carriers (solid lines).
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Figure 10.6: Average a) Jsc b) Voc c) fill factor (FF) and d) efficiency (η) remaining
factors plotted versus ALT time for ELO cells with Au carrier (grey circles), n on p
ELO cells with Cu carrier (grey diamonds), p on n ELO cells with Cu carrier (grey
squares) and substrate etched cells with Cu carrier (red triangles). The dashed
lines indicate the general degradation trends for thin-film cells on an Au carrier,
the solid lines indicate the trends for thin-film cells on a Cu carrier.
under these conditions, the application of a thick (3 µm) Cu layer in a III-V solar
cell does not affect device performance significantly and hence that Cu diffusion
from the contact into the active solar cell should not be an issue for application
of Cu in space solar panels. Compared to the substrate-based cells, the thin-film
cells show significantly more degradation upon ALT. For the thin-film cells on
an Au carrier the decrease in efficiency is almost 10% after 37 days at 200◦C,
mainly caused by decreases in Voc and FF. This enhanced degradation compared
to substrate-based cells is likely to be (at least partially) caused by non-optimized
thin-film cell processing which is in an early stage of development compared to
substrate-based processing. In contrast with the cells on an Au carrier, the cells
on a Cu carrier already show severe degradation after 3.7 days at 200◦C (R-η
= 0.56), with Jsc, Voc and FF all contributing to the device degradation. Since
neither the substrate-based cells nor the thin-film cells on an Au carrier show this
degradation, it appears that the degradation is related to the Cu carrier.
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Figure 10.7: ELO n on p thin-film solar cells on a Cu carrier with 100 nm Au
mirror a) as processed and b) and c) after 37 days ALT at 200◦C. For images a)
and b) the samples were placed behind a glass plate to keep them flat. Without
this glass plate the samples show significant curvature, in particular after ALT as
is shown in image c).
A second set of thin-film cells was prepared for further investigation of the thin-
film solar cell degradation. The average Jsc, Voc, FF and η remaining factors of
these cells plotted as a function of ALT time are shown in figure 10.6. The results
of the ELO thin-film cells on an Au carrier are plotted as a reference. All thin-film
cells on a Cu carrier show severe and rapid degradation as is indicated by the R-η
values (see figure 10.6d) which are already below 0.85 after 4.25 days. Although
there are differences between the different sample types, the general degradation
trends are similar for all cells on a Cu carrier. Initially rapid decreases in all
parameters can be observed. Whereas the initial rapid degradation of the n-on-p
cells starts to level of after 5-10 days, resulting in R-η values of about 0.3 after 37
days of ALT, the rapid degradation of the p-on-n cells continues (in particular for
Voc and FF), resulting in non-operational cells after 18 days. This hints that n-
type GaAs is more prone to Cu diffusion, if Cu diffusion is a process contributing to
device degradation. However the fact that the substrate-based cells also have the
Cu at the n-type side and hardly show any degradation (see figure 10.5) indicates
that there is at least one other degradation mechanism that has a major impact
on the degradation process. The fact that both the substrate-etched and ELO
n-on-p thin-film cells show a very similar degradation trend indicates that the
manipulation of the thin-film during the ELO process does not inflict damage
that is detrimental to the solar cell device operation.
10.3.2 Visual inspection and EQE analysis
The significant decrease in Jsc observed for the thin-film cells on Cu carriers is in
sharp contrast with the small changes (typically 1-2%) observed for cells on an
Au carrier and substrate-based cells with and without Cu (both in this study and
in previous work [187–189]). This indicates that the degradation process causing
the decrease in Jsc is specific for thin-film cells on a Cu carrier and therefore of
interest for further investigation. The decrease in Jsc is (at least partially) caused
by a reflectivity loss of the Au mirror that is applied to reflect transmitted and
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Figure 10.8: External quantum efficiency (EQE) of a) a thin-film ELO n-on-p solar
cell on a Au carrier before ALT (black curve) and after 9 (red curve) days of ALT
at 200◦C and b) a thin-film ELO n-on-p solar cell on a Cu carrier with 100nm
Au mirror before ALT (black curve) and after 8.5 (red curve) and 37 (grey curve)
days of ALT at 200◦C.
recycled photons back into the solar cell [29, 31, 150]. Figures 10.7a and 10.7b
show an as processed ELO thin-film sample and an ELO thin-film sample after
exposure to ALT. Around the cells the as processed sample shows the yellowish
colour of the gold mirror / back contact, while the sample exposed to ALT has a
reddish Cu colour, indicating that Cu from the carrier has diffused through the
Au mirror/back contact during ALT. The same colour change is observed for all
samples on a Cu carrier. The reflectivity loss of the mirror can also be deduced
from the EQE data of the cells. In figure 10.8a the EQE of an n-on-p thin-film
ELO cell on an Au carrier is plotted before ALT and after 9 days at 200◦C and
in figure 10.8b the EQE of an n-on-p ELO thin-film cell on a Cu carrier is plotted
before ALT, after 8.5 days and after 37 days at 200◦C. After ALT the interference
fringes in the 700-900 nm range caused by the reflection of the mirror [22] have
disappeared for the cell on a Cu carrier, but remain visible for the cell on an Au
carrier. Additionally the EQE data show that the loss in Jsc for the cells on a
Cu carrier is mainly caused by a reduced collection efficiency of carriers created
by long wavelength (600-900 nm) photons, which are mostly absorbed at the back
of the cell. The fact that no reduction in collection efficiency is observed for the
cell on an Au carrier suggests that the decrease for the cells on a Cu carrier is
Cu related. Two mechanisms may contribute to the loss in collection efficiency:
reduced reflection of photons by the mirror and diffusion of Cu into the active cell,
creating trap levels that reduce the carrier collection efficiency.
Next we discuss Voc, the decrease in Voc of the thin-film cells on Cu carrier
is far more severe than the decreases observed for substrate-based cells and thin-
film cells on an Au carrier. As decreases in Voc are typically related to increases
in the (non-radiative) recombination current and Cu is known to introduce trap
levels in the band gap [58] which act as recombination centres, the decreases in
Voc are most likely related to the introduction of Cu trap levels as a result of Cu
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diffusion. The colour change of the metal foil as depicted in figure 10.7 and the
reduced collection efficiency in de long wavelength range of the EQE (figure 10.8)
indicate that Cu diffusion may indeed take place. However, as the substrate-based
Cu cells do not show signs of Cu diffusion there must be a thin-film related process
that induces/enhances the diffusion process. The image in figure 10.7c provides a
possible explanation for the enhanced Cu diffusion in thin-film cells, as it shows
that the carrier tends to curl upon exposure to ALT. This curling of the sample
can be explained by the difference in thermal expansion coefficient between the Cu
(16.5*10−6 K−1) and Au (14.2*10−6 K−1) on the one hand and GaAs (5.4*10−6
K−1) on the other. Upon exposure to ALT the metal expands more rapidly,
thereby creating stress in the solar cell material. Such stress is likely to induce
(micro-)cracks and other defects which are known to enhance diffusion [59,114].
10.3.3 Transmission electron microscopy analysis
The degradation was investigated further with TEM imaging, for which two cells
were selected. In figure 10.9 J-V curves and TEM images of an ELO thin-film cell
on an Au carrier after 55 days at 200◦C and of an ELO thin-film cell on a Cu
carrier after 3.7 days at 200◦C are displayed. The J-V curves (figure 10.9a) show
that the cell on an Au carrier only has a small decrease in Voc after 55 days of ALT
at 200◦C but remains otherwise unaffected. The cell on a Cu carrier on the other
hand shows a severe decrease in Voc as well as a decrease in Jsc after merely 3.7
days at 200◦C. The slope of the curve indicates an increase in series resistance upon
ALT. The TEM image of the cell on an Au carrier after ALT (figure 10.9b) shows
crystalline GaAs layers with polycrystalline metal (Au) contacts. The interfaces
between the GaAs and Au are smooth, indicating little or no interaction between
the metal and GaAs has taken place, which is in agreement with the J-V curves
of the Au ELO cell (figure 10.9a). The TEM images of the cell on a Cu carrier
after ALT (figure 10.9c) show a smooth interface between the crystalline GaAs
solar cell and the polycrystalline Au contact, which is similar to the cell on an Au
carrier. On the other hand the interface at the back of the cell appears remarkably
different from that of the cell on an Au carrier. An intermixed Au/Cu layer has
appeared which is in agreement with the colour change observed for the thin-film
cells on a Cu carrier (see figure 10.7). The GaAs contact layer appears to have been
almost fully consumed by the Au/Cu matrix which extends to the BSF although
it does not appear to protrude it. This undulation of the metal/GaAs interface
and intermixing of the Au and Cu is similar to the undulation and intermixing
previously observed for substrate-based cells after 1320 h (55days) at 200◦C (see
figure 6b in reference [189]). The relatively thin back contact layer used in thin-
film cells on a Cu carrier, applied to enhance the photon recycling, allows for the
metal protrusions to reach the BSF from where the Cu may diffuse rapidly into
the active part of the solar cell structure. Still the relatively thin back contact
layer cannot solely account for the observed damage, as the p-on-n ELO thin-film
cells have a 300 nm thick back contact layer (the same thickness as the cells on an
Au carrier and the substrate-based cells) and still suffer from rapid degradation
upon ALT.
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Figure 10.9: a) J-V curves and TEM images of b) a thin-film ELO cell on an Au
carrier after 55 days at 200◦C and c) a thin-film ELO cell on a Cu carrier after
3.7 days at 200◦C.
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10.3.4 Prospects of thin-film III-V solar cells for space applications
The results of the substrate-based cells indicate that use of Cu as such in III-V
solar cells for space applications does not significantly affect device performance,
since both the Au and Cu substrate-based cells show little degradation with a
decrease in efficiency of 3% or less. Some caution is appropriate as at higher
temperatures other degradation mechanisms start to occur [189] and for example
interconnection of cells by parallel gap welding might locally induce temperatures
that allow for Cu diffusion. If parallel gap welding is found to be suitable for
thin-film cells this might cause problems. The results for the thin-film cells on an
Au carrier (10% decrease in efficiency after 37 days at 200◦C) indicate that the
thin-film nature of the device should not necessarily be an issue for application in
space solar panels. Unfortunately the results of the thin-film cells on Cu carriers
show that there is a risk of severe device degradation. Since the main difference
between the two types of thin-film cells is the metal carrier, the applied carrier
appears to be an important factor in device performance. There seem to be at
least two carrier related factors contributing to the observed device degradation:
Cu diffusion (as indicated by the colour change of the metal foil) and thermally
induced stress (as indicated by the bending of the metal foil carrier). These two
factors most likely influence each other as thermally induced stress effects may
create (micro-)cracks and other defects which typically enhance diffusion.
In order to improve long term stability of thin-film solar cells a better un-
derstanding of the effect(s) of thermally induced stress on the solar cell / carrier
combination is required. The actual maximum temperature reached during solar
cell operation in space is significantly lower (typically max ±100◦C, possibly some-
what higher in extreme circumstances) than the ALT temperature applied in this
study (200◦C), which means that the critical levels of stress induced by the ALT
may not be reached during an actual space mission. Additionally it is likely that
the effect at high temperature is different from the effect at low temperature. The
curvature of the sample depicted in figure 10.7c indicates that the higher ther-
mal expansion coefficients of Cu and Au compared to GaAs (16.6*10−6 K−1 and
14.2*10−6 K−1 for Cu and Au respectively versus 5.4*10−6 K−1 for GaAs) result
in a larger expansion of the metal foil during ALT, which induces compressive
stress in the thin-film cells.
In addition to a better understanding of the thermal stress effects, a solution
for the Cu diffusion into the device has to be found. Although thickening of the
back contact layer may delay Cu diffusion, it also reduces the photon recycling
efficiency. Additional adjustments to the device design are needed to fully elimi-
nate Cu diffusion. This could be achieved either by implementation of a barrier
that prevents intermixing of the Au mirror/back contact and the Cu carrier; or by
replacement of the Cu carrier with a different (metal) carrier. The prevention of
intermixing of the Au mirror/back contact and the Cu carrier has the additional
benefit of preventing loss of the mirror at the back of the cell. The concept of dif-
fusion barriers is already commonly applied in the silicon semiconductor industry,
where the more expensive Ag (and Au) metallization schemes are being replaced
by Cu-based ones. For Si solar cells both Ti and Ni have been proposed as potential
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Table 10.1: Comparison of the pros (+) and cons (-) of various metals that might
be used for thin-film solar cells.
Metal Cost Applicability
Compatibility
with cell
processing
Thermal
expansion
coefficient
Cu + + + + + -
Au - - + + + + + / -
Ag + / - + + + / - - -
Mo + / - - - ? + +
Ir + / - - - ? + +
Ti + + - - +
Ni + + + + / - + / -
Al + + + - - - -
barriers for Cu metallization [117, 119]. These metals offer an easy to implement
solution although they may also interact with Au and/or Cu. Other barrier ma-
terials that are typically suggested for application in Silicon devices such as high
melting point metals (W, Ta) [124], metal-nitrides (TaN, ZrN, TiN) [127,130,131]
and ternary compounds (for example Ta-Si-N and W-B-N) [134,135,138] may have
better barrier properties (as they are less likely to interact with Au and/or Cu),
but are not straightforward to apply by e-beam evaporation.
A second possibility is replacing the Cu with another metal that does not inter-
mix with Au and/or diffuse into the solar cell. The results described here clearly
indicate that Au is a good replacement, but Au is also far more expensive which
makes it unsuitable for large scale application. Other factors that need consid-
eration are the applicability of the metal, the compatibility with cell processing
schemes and the thermal expansion coefficient. Table 10.1 schematically compares
the advantages and disadvantages of Cu, Au, Ag, Mo, Ir, Ti, Ni and Al as carrier
materials. Most alternatives fail at least one of the selection criteria. Au is too
expensive, Mo and Ir are difficult to apply, Ti and Al are reactive and thus most
likely incompatible with thin-film cell processing and Ag has a thermal expansion
coefficient that is even larger than for Cu (19.5*10−6 K−1 compared to 16.6*10−6
K−1 for Cu). The most promising alternative is offered by Ni, which is also used
for thin-film devices obtained by controlled spalling [27]. Ni is next to Cu in
the periodic table and is likely to have similar materials chemistry, the materials
cost is similar and it has a slightly lower thermal expansion coefficient than Cu
(13.0*10−6 K−1 versus 16.6*10−6 K−1). A potential drawback for application of
Ni are its magnetic properties, which can cause problems for space applications.
Alternatively the metal carrier could be replaced by a plastic foil, although appli-
cation and space compatibility of plastics are likely to be an issue. An interesting
option would be the combination of kapton with a metal carrier [14,91]. Kapton is
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known to be space compatible and the added thickness and rigidity of the kapton
might help reducing the stress effects in the thin-film cells (i.e. preventing the
thin-film cells from bending upon exposure to thermal stress).
10.4 Conclusions & Outlook
In order to investigate the space compatibility of thin-film III-V solar cells, the
performance of thin-film cells on Cu and Au carriers and substrate-based cells
with Au and Au/Cu front contacts upon exposure to ALT at 200◦C was studied.
The substrate-based cells show little degradation with a decrease in efficiency of
3% or less for both Au and Au/Cu contacts (after 37 days, equal to 10 years at
100◦C at Ea = 0.70 eV), which indicates that application of Cu in itself is not a
threat to the long term device performance. Still some caution is appropriate as at
higher temperatures other degradation mechanisms start to occur and for example
interconnection of cells by parallel gap welding might locally induce temperatures
that allow for Cu diffusion. The thin-film cells on metal carriers show significantly
more degradation. The efficiency loss of ∼ 10% of the cells on an Au carrier after
37 days at 200◦C, indicates that there is a definite potential for the thin-film III-V
cells in space modules. The severe degradation (efficiency losses typically > 60%
after 37 days at 200◦C) observed for the cells on Cu carriers shows that the carrier
material significantly influences the device stability. The fact that both ELO and
substrate-etched thin-film cells on a Cu carrier show severe degradation indicates
that the ELO process itself does not affect the device performance. At least two
factors contribute to the decrease in solar cell performance: thermally induced
stress and Cu diffusion. These two factors may influence each other as diffusion
processes are likely to be enhanced by damage (such as cracks and defects) induced
by thermal stress.
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Chapter 11
Summary & Future Prospects
11.1 Thin-film III-V solar cells for space applications
Over the past 25 years multi-junction III-V solar cells have become the benchmark
for space applications, as a result of their higher efficiencies and better radiation
hardness compared to conventional silicon solar cells. The brittle growth substrates
on which such cells are produced make up a large part of the weight of space solar
cells and panels. Removal of the growth substrate to create genuine thin-film
solar cells allows for a theoretical weight reduction of 75% on panel level, while
at the same time the high efficiencies of the currently used substrate-based III-V
multi-junction solar cells can be maintained. This weight reduction is related to
the fact that for thin-film cells the rigid cover glass and aluminium honeycomb /
double CFRP sheet support can be replaced by flexible alternatives. Such a weight
reduction offers a significant cost benefit since satellite launch costs are typically
in the order of 10.000 e/kg (or more). Also flexible panels based on thin-film solar
cells occupy much smaller volumes during launch, thereby reducing launch costs
even further. At the same time space provides a harsh environment (high vacuum,
UV irradiation, electron and proton irradiation, temperature cycling, etc.) that
adds additional challenges to the solar cell and the actual panel design. The space
compatibility of the thin-film III-V solar cells developed at Radboud University
was under investigation in the work described in this thesis. Two space related
challenges were investigated in more detail: space compatible flexible cover glass
alternatives and the space compatibility of the currently used Cu handling and
support foil.
11.2 Flexible protection layers
The research described in chapter 4 of this thesis was aimed at the identifica-
tion and development of suitable flexible alternatives for the rigid CMX cover
glasses used for the current generation of substrate-based space solar cells. Three
material systems were investigated: transparent polyimides containing polyhe-
dral oligomeric silsesquioxane (POSS) particles (polyimide-POSS) and two types
of polysiloxanes; tetraethoxysilane-polydimethoxysilane hybrids (TEOS-PDMS)
and methyltrimethoxysilane (MTMS) based siloxanes (MBS). Polyimide-POSS
was found to show a significant transmission loss (twice the amount of currently
used CMX cover glasses) in the wavelength range covered by the InGaP sub-cell of
the currently applied triple-junction space solar cells and it proved to be virtually
impossible to prepare substrate adhering TEOS-PDMS coatings of reproducible
thickness. On the other hand MBS-films of the desired thickness (200-300 µm)
proved to be applicable in a reproducible manner with good bending properties
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(bending radius < 10 cm) and transparency (better than currently used CMX
glasses). In addition it was demonstrated that cerium (used in currently applied
CMX cover glasses to increase radiation hardness) can be effectively incorporated
during MBS synthesis without influencing the mechanical properties of the films.
Finally, all batches of cured MBS films have passed vacuum stability tests so that
this material can be subjected to further space qualifications tests without the risk
of contaminating the required dedicated equipment. Further investigation [44]
showed that MBS films experience little or no degradation upon exposure to 1
MeV electron irradiation. At the current stage of development, however, the MBS
coatings showed severe darkening upon exposure to UV irradiation, indicating
that further investigation and tuning of the synthesis process is required before
the material can be applied in space solar panels.
11.3 Cu induced effects on GaAs solar cell performance
In order to investigate the (potential) effects of the space environment on the
interactions between the flexible Cu handling and support foil and the solar cell
an accelerated life-time testing (ALT) approach and substrate-based model system
were developed. The ALT approach is based on the assumption that long term
operation (> 10 years) at a relatively low temperature (≤ 100◦C) can be simulated
during a short (hours/days) exposure to a higher temperature (≥ 200◦C). The
substrate-based model system utilizes a ∼ 45% coverage Au/Cu front contact to
mimic the full coverage of the Au mirror/back contact and Cu handling foil of the
thin-film cells, while still allowing for proper solar cell operation. Au contacted
cells are used as a reference system.
The results of the ALT experiments described in chapters 5 and 6 show that
over a wide temperature range (200-400◦C) Jsc remains more or less unaffected for
both Au and Au/Cu contacted cells. At the same time significant decreases in Voc
are observed upon ALT at T ≥ 300◦C for Au/Cu contacted cells, while only minor
decreases (1-2%) are observed for cells with Au contacts. The decrease in Voc can
be explained by an increase in non-radiative recombination via Cu trap levels,
introduced upon Cu diffusion into the active layers of the solar cell. The fact that
the degradation effect is more pronounced for the shorter junction depths (75 and
500 nm), suggest that Cu trap levels are particularly harmful if they are introduced
in or near the depletion region around the p-n junction. Additionally the doping
level of the front contact layer was found to affect degradation behaviour. Cells
with Te-doped contact layers with carrier concentrations above ∼ 1.0*1019 cm−3
showed more severe degradation compared with cells with Te- or Si-doped front
contact layers with carrier concentrations < 1.0*1019 cm−3. As Te atoms are larger
than the As atoms they replace, a high concentration of Te dopant atoms may
result in distortion of the semiconductor lattice, thereby introducing additional
defects in the material that enhance diffusion through the contact layer. These
results indicate that optimization of the device design (large spatial separation
between Cu and p-n junction, moderately doped contact layer) may significantly
reduce the effect of Cu diffusion.
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In a series of experiments in which the Au thickness was varied, degradation
of cells without Au (i.e. Au thickness = 0 nm) was demonstrated to be more
rapid and severe than for cells with a finite Au thickness in the front contact.
This suggests that direct interaction between Cu and the GaAs contact layer(s) of
the cell may severely enhance degradation. This is in agreement with the phase
diagrams of Cu and GaAs and Au and GaAs (see section 2.7), which indicate
that Au/GaAs interfaces are stable while Cu/GaAs interfaces are unstable. The
Au layer also acts as a diffusion barrier, as cells with thin Au layers in the front
contact degrade faster than cells with thicker Au layers. Eventually all Au/Cu
cells show a significant decrease in Voc (> 10%) upon ALT at temperatures ≥
300◦C, showing that under the investigated circumstances Au is not able to fully
block Cu diffusion. Additionally a larger decrease in Voc was observed for thicker
Cu layers. This indicates a potential problem for the thin-film cells where Cu foils
of several microns in thickness are applied.
The effect of electron irradiation was investigated for 75 nm junction depth
solar cells. It was demonstrated that exposure to a 1015 e−/cm2 dose of 1 MeV
electron radiation affects Au and Au/Cu cells in the same manner. Subsequent
exposure to heat treatments at 275◦C reduces the damage caused by the exposure
to electron irradiation. A significant and similar decrease in Voc is observed for
both irradiated and non-irradiated Cu cells after 16 hours annealing at 275◦C,
which implies that Cu diffusion is solely dependent on the heat treatment and is
not affected by additional electron irradiation.
11.4 Cu related degradation mechanisms of GaAs solar cell
structures
Once the potentially harmful effect of Cu on the electrical performance of GaAs
solar cells was demonstrated, the underlying physical and chemical processes were
investigated in more detail. In the work described in chapter 7 two degradation
mechanisms that will be referred to as ’intermixing’ and ’recrystallization’ were
identified. At relatively low ALT temperatures (< 250◦C) the Au/GaAs interface
is stable, but the Au/Cu interface is not. This results in the gradual intermixing
of Au and Cu as a result of diffusion. The GaAs contact layer remains intact until
the intermixing process reaches the Au/GaAs interface and Cu starts to destabi-
lize the interface, resulting in interaction between the metals and the GaAs. This
intermixing process proceeds very slowly and has no significant influence on the
electrical performance of the solar cell. After 55 days at 200◦C (equivalent to 15
years at 100◦C) only minor interactions between the metals and the GaAs contact
layer are observed, indicating that (at temperatures below 250◦C) recrystalliza-
tion is unlikely to occur within time-frames relevant for space applications. At
higher ALT temperatures (≥ 250◦C) on the other hand, the Au/GaAs interface
also becomes unstable, resulting in the decomposition of GaAs. In addition to the
intermixing of Au and Cu, the Au can now form compounds with Ga, while the
As diffuses out and can interact with the Cu. Eventually the entire GaAs contact
layer recrystallizes with the metals, until the recrystallization process is halted at
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the window. The newly formed metal-GaAs layer consists of large crystallites with
distinct grain boundaries that provide an easy pathway for Cu to diffuse to the
window and into the active solar cell device structure. J-V curves validate this
mechanism as the Voc of the cells decreases once the recrystallized layer approaches
the window. The observed degradation mechanisms correspond remarkably well
with the degradation processes that can be predicted from the phase diagrams as
described in section 2.7. These results show that together, electrical characteri-
zation techniques, electron microscopy imaging and phase diagram interpretation
provide a powerful approach for understanding solar cell degradation processes.
The identification of these degradation mechanisms has two important implica-
tions for further experiments. Firstly the process of contact layer recrystallization
that directly precedes the degradation of the cell performance, only kicks in at
temperatures ≥ 250◦C. During a typical space mission the maximum tempera-
ture is only ∼ 100◦C at most, which implies that the recrystallization process will
not occur at temperatures relevant for space applications. Future experiments
should therefore be performed at ALT temperatures below 250◦C. Secondly the
intermixing of Au and Cu also occurs at temperatures < 250◦C and although
this intermixing process does not have a significant influence on the electrical per-
formance of substrate-based devices it may severely degrade the performance of
thin-film cells, as intermixing can degrade the mirror properties of the Au layer
in such a device (see chapter 10). In order to avoid thin-film device degradation
two possible solutions are available: replacement of Cu with a metal that does
form a stable interface with Au and implementation of a barrier that prevents or
sufficiently delays intermixing of Au and Cu.
11.5 Metal diffusion barriers for III-V solar cells
Metals offer an easy to implement opportunity as a ’diffusion’ barrier for III-V solar
cells. The suitability of four different metals was investigated in the work described
in chapters 8 and 9. The results of a preliminary study investigating the diffusion
barrier potential of Ti and Ni (chapter 8) indicate that 10 nm thick Ti barriers
show slightly better performance compared to 100 nm thick Ti barriers (after ALT
at 300◦C), but no such difference was observed for Ni barriers. Experiments at
250◦C in which the metallization layer sequence of the front contacts was varied
show that cells with Au/Ti/Cu, Au/Ni/Cu and Ni/Cu metallizations show less
degradation than cells with Au/Cu metallization. The better performance of the
Au/barrier/Cu metallization compared to the Au/Cu metallization agrees well
with the fact that the degradation mechanism of Au/Cu cells was found to start
of with intermixing of Au and Cu (see chapter 7). Comparison of the results
at 250 and 300◦C shows that different degradation processes may prevail. As
the operational temperature in space reaches temperatures of ∼ 100◦C at most,
these high temperature degradation mechanisms may not occur at the operational
temperature of the solar cell.
In subsequent work (see chapter 9) the barrier potential of Ti, Ni, Pd and
Pt was investigated for prolonged ALT at temperatures between 200 and 300◦C.
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Severe cell failure was observed for cells with Pd barriers at ALT temperatures as
low as 200◦C, which indicates that Pd should be avoided as a barrier material.
Pt and Ti were also found to be unsuitable as barrier materials. More promising
results were obtained with cells with Ni barriers. Both cells with 10 and 100 nm Ni
barriers showed significantly less degradation in electrical performance, than cells
without a diffusion barrier and at 250◦C the cells with 10 nm Ni barriers show
virtually no degradation at all. Further investigation showed that the cells with
100 nm Ni barrier suffer from an increased RS upon ALT. From TEM images of
the cells it can be concluded that this increase in RS is caused by the formation of a
Ni/Au/Cu alloy that has a higher specific resistance compared to the pure metals.
TEM images also show that intermixing and recrystallization still take place in
the cells with Ni barriers. This indicates that Ni does not act as a ’diffusion’
barrier (i.e. preventing diffusion of Cu and Au across the barrier), but rather
as an ’interaction’ barrier that alters the interactions taking place at the contact
interfaces. The fact that intermixing and recrystallization still take place is not an
issue for application of Ni barriers in substrate-based solar cells, but it shows that
Ni is not suitable as a barrier layer in thin-film cells, where the intermixing process
diminishes the performance of the Au mirror (see chapter 10). These results show
that further investigation of potential barrier materials and alternative carrier
materials is necessary. Phase diagrams might be used to predict whether or not
candidate materials form stable interfaces with Au (and Cu) and ALT tests and
TEM images allow for validation of these predictions.
11.6 Degradation in thin-film III-V solar cells
The degradation of thin-film III-V solar cells was investigated in the study de-
scribed in chapter 10. Little degradation (less than 3% decrease in η) is observed
for both Au and Au/Cu substrate-based cells after 37 days at 200◦C (equivalent to
10 years at 100◦C at Ea = 0.70 eV), which indicates that application of Cu in III-V
devices does not necessarily pose a threat to the device performance. However,
significantly more degradation is observed for thin-film cells both on Au and on
Cu carriers. The relatively minor decrease of 10% in η observed for thin-film cells
on Au carriers indicates that there is potential for application of thin-film III-V
cells in space modules, provided the cell processing and design will be optimized.
On the other hand, thin-film cells on Cu carrier foils show severe device degra-
dation (η losses typically > 60% after 37 days at 200◦C), indicating that the Cu
carrier might cause a threat to the long term device performance. It was demon-
strated that at least two factors contribute to the observed decrease in solar cell
performance of the thin-film cells on Cu carriers: thermally induced stress and Cu
diffusion. These two factors may influence each other as diffusion processes might
be enhanced by the possible damage (such as micro-cracks and crystalline defects)
induced by thermal stress. The analysis of the ALT results of the thin-film cells is
significantly complicated by the fact that there are slight differences in cell design
between the different samples. Most notably the contact layers are typically thin-
ner (50-100 nm) in the thin-film cells compared to substrate-based cells (300 nm
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thick contact layers). Additionally the difference in doping level and dopant type
between p-type and n-type back contact layers (moderately Zn-doped for p-type
layers versus highly Te-doped for n-type layers) may account for the more severe
degradation observed for thin-film p-on-n cells compared to thin-film n-on-p cells
on Cu carriers. The fact that Cu diffusion does not appear to be an issue for
substrate-based cells and the fact that only moderate degradation is observed for
thin-film cells on Au foil carriers indicates that there is a definite potential for
application of thin-film III-V solar cells in space solar panel modules provided the
device design and cell processing are further optimized.
11.7 Prospects and suggestions for future research
The degradation studies described in this thesis show that application of Cu in
substrate-based devices has no significant effect on the device performance, pro-
vided the temperature does not exceed the threshold temperature (∼ 250◦C) for
recrystallization of the contact metals with the GaAs contact layer. This finding
is of particular interest for application in CPV solar cells, where the expensive
Ag contact schemes may be replaced by Cu-based ones. Given the early stage of
development of the thin-film cells (compared to substrate-based cells) the ALT re-
sults of thin-film cells on Au carriers (∼ 10% decrease in η after 37 days at 200◦C,
equivalent to 10 years at 100◦C for Ea = 0.70 eV) show that there is a definite po-
tential for application of thin-film III-V solar cells in space solar panels, provided
the solar cell processing and cell design are further optimized. However, the severe
degradation observed for thin-film cells on Cu carriers (> 60% decrease in η after
37 days at 200◦C) shows that further investigation of the space compatibility of
metal foil carriers is required. Two factors appear to enhance the degradation of
thin-film cells on Cu carriers and should therefore be investigated in more detail:
thermal stress and intermixing of the Au mirror/back contact and Cu handling
foil which induces Cu diffusion.
11.7.1 Thin-film solar cell structure
The analysis of ALT results of thin-film cells described in this thesis (chapter 10)
is significantly complicated by the fact that there are slight differences in device
structure (junction depth, doping levels) between the different samples. As the
ALT results of both substrate-based (see chapters 5 and 6) and thin-film cells (see
chapter 10) indicate that degradation depends on the solar cell device structure,
further investigation of the effect of device structure is necessary. In order to do so a
standardized thin-film reference cell structure should be developed, for which each
parameter (layer thickness, doping levels etc.) can be changed separately. Two
parameters are of particular interest for further investigation: the back contact
layer thickness of thin-film cells and the (back) contact layer doping level and
element.
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11.7.2 Thin-film solar cell degradation
The optimized thin-film cell structure can be used for further investigation of the
space compatibility of thin-film III-V solar cells. First of all Tacc should be lowered
even further to more conventional ALT temperatures (≤ 175◦C [144, 145]), as
this allows for the exclusion of high temperature degradation mechanisms that do
not occur in a lower temperature range. Additionally a lower ALT temperature
has the advantage that materials such as plastics, glues and conductive pastes
are compatible with such temperatures, which allows for tests of thin-film cells
mounted on glass slides, printed circuit boards and flexible plastic foils (i.e. in
the anticipated configuration for application). This is of particular interest as the
free standing thin-film cells on a metal foil used for the experiments described in
this thesis tended to curl upon ALT. Sandwiching the thin-film cells between two
glass plates or mounting them on a glass slide or flexible plastic foil may help
counteracting the curling of the samples. Thus reducing the damage caused by
the curling of the foil (i.e. thermally induced stress).
Furthermore investigation of radiation damaging of thin-film cells is of inter-
est. Although preliminary experiments with thin-film cells sandwiched between
two CMG cover glasses indicated that the degradation of thin-film devices is sim-
ilar to or even less than for the current generation of substrate-base space solar
cells [43]. Further experiments are necessary to confirm whether this is also the
case if the thin-film cells are applied in a more favourable light-weight geometry,
i.e. with a flexible protective coating and mounted on a single thin carbon plate
carrier. Additionally the interplay between radiation induced and Cu induced
damage should be investigated in more detail. Exposure to elevated temperatures
can reduce the radiation damage [104, 187], which indicates that the outcome of
experiments depends on whether the cells are exposed to electron radiation before,
in the middle of or after ALT experiments. Such experiments could give more in-
sight in the degradation process(es) and in how in-orbit annealing might reduce
radiation damage. Finally a recent study by Steiner et al. [198] indicates that
novel high efficiency solar cell designs containing deep-junctions are more severely
affected by electron irradiation than traditional shallow junction devices. Further
investigation is necessary to investigate the effect of thin-film device design (deep
versus shallow junction, n-on-p versus p-on-n) on radiation hardness, in order to
obtain a space compatible thin-film solar cell design.
11.7.3 Diffusion barriers and alternative carrier materials
Apart from the optimization of the device design and further study of the degra-
dation behaviour of thin-film cells, other options to prevent the intermixing of the
Au mirror/back contact and Cu handling and support foil might be evaluated.
This includes investigation of alternative carrier materials, for which Ag, Ni and
Kapton appear to be promising choices and further investigation of ’interaction’
barriers that prevent interaction between the Au mirror/back contact and Cu han-
dling foil. For such ’interaction’ barriers high melting point metals (in particular
Ta [124–126]) and metal-nitrides (such as TaN and TiN) [127,130,131] seem to of-
fer good opportunities. TEM imaging combined with phase diagram studies have
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been proven to be a powerful approach to asses the interactions at the front and
back interfaces of the solar cell and should be used to investigate the potential of
alternative carrier materials and ’interaction’ barriers.
A totally different approach follows from the high temperature degradation
mechanism described in chapter 7. During ALT at temperatures ≥ 250◦C the
Au and Cu start to intermix first and then recrystallize with the GaAs contact
layer until the recrystallization process appears to stop at the window (see figure
11.1a). Cu can now diffuse rapidly to the window layer via the grain boundaries in
the recrystallized layer and from there into the solar cell, where it introduces trap
levels and hence diminishes the device performance. Adding a second layer of the
same material as the window (typically a III-P semiconductor layer such as AlInP
or InGaP) near the top of the contact layer is anticipated to halt or sufficiently
delay the recrystallization process (schematically depicted in figure 11.1b) and
slow down the diffusion of Cu into the active cell device. Initial experiments with
such III-P barriers show promising results.
without barrier 
with III-P barrier 
a) 
b) 
Figure 11.1: Schematic representations of a) the high temperature degradation
mechanism of GaAs solar cells and b) the proposed working principle of a III-P
barrier.
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Samenvatting & Vooruitzichten
Zonnepanelen zijn al sinds eind jaren vijftig een belangrijke energiebron voor sa-
tellieten en andere ruimtevaartuigen. Initieel waren deze panelen gebaseerd op
silicium zonnecellen zoals die tegenwoordig ook op daken van gebouwen liggen,
maar sinds de jaren negentig is men voor ruimtevaarttoepassingen overgestapt op
zogenaamde III-V zonnecellen. De III en V verwijzen hier naar het feit dat deze
materialen bestaan uit een 1:1 samenstelling van elementen uit de groepen III
en V van het periodiek systeem. De bekendste III-V halfgeleider is galliumarse-
nide ofwel GaAs. Het gebruik van deze III-V materialen maakt het mogelijk om
meerdere zonnecellen op elkaar te stapelen (multi-junctie zonnecellen) en zo hogere
rendementen te bereiken. Daarnaast zijn de meeste III-V materialen beter bestand
tegen de elektronen- en protonenstraling waaraan zonnecellen in de ruimte worden
blootgesteld. Het nadeel van III-V zonnecellen is wel dat ze aanmerkelijk duurder
zijn dan silicium cellen, maar voor ruimtevaarttoepassingen wegen de voordelen
over het algemeen ruimschoots op tegen de extra kosten.
Het gewicht en de kosten van III-V zonnecellen worden voor een aanzienlijk
deel bepaald door het groeisubstraat dat typisch zo’n 100x dikker is dan de actieve
zonnecelstructuur die hierop wordt geproduceerd. In Nijmegen wordt al geruime
tijd onderzoek gedaan naar de zogenaamde epitaxiale lift-off (ELO) techniek, waar-
mee de zonnecel kan worden losgemaakt van het substraat. Het substraat kan dan
weer gebruikt worden om nieuwe zonnecellen te produceren terwijl de zonnecel
overgebracht kan worden op een flexibele drager. Het overbrengen van de zonnecel
op een flexibele drager resulteert in een zogenaamde dunne film III-V zonnecel.
Deze dunne film III-V zonnecellen zijn bijzonder geschikt voor toepassing in de
ruimtevaart omdat het in theorie mogelijk is om het gewicht van het totale pa-
neel met 75% te reduceren en tegelijkertijd te profiteren van de voordelen (hoog
rendement, goede stralingshardheid) van klassieke III-V multi-junctie zonnecellen.
De barre omstandigheden in de ruimte (vacuu¨m, UV straling, elektronen en pro-
tonenstraling, grote temperatuurschommelingen) zorgen er echter ook voor dat
er extra uitdagingen ontstaan bij het ontwikkelen van (dunne film) zonnecellen
en zonnepanelen voor de ruimtevaart. In dit proefschrift worden een aantal stu-
dies beschreven waarin de geschiktheid voor ruimtevaarttoepassingen van de aan
de Radboud Universiteit ontwikkelde dunne film zonnecel technologie is onder-
zocht. In hoofdstuk 1 wordt hiervoor een algemene inleiding gegeven, waarna in
hoofdstuk 2 de benodigde theorie wordt behandeld en in hoofdstuk 3 de gebruikte
experimentele methodes worden beschreven.
Een van de uitdagingen voor het toepassen van dunne film zonnecellen in de
ruimte betreft het beschermingsglas dat dient om de zonnecel te beschermen te-
gen de elektronen, protonen en harde UV straling waaraan de cellen in de ruimte
worden blootgesteld. In traditionele ruimtevaartpanelen wordt hiervoor een breek-
baar, cerium-bevattend borosilicaatglas gebruikt, waardoor een niet-buigbare, re-
latief zware drager nodig is om de zonnecellen en het beschermingsglas op te mon-
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teren. De momenteel gebruikte drager, bestaande uit twee met koolstof versterkte
plastic (Carbon Fibre Reinforced Plastic, CFRP) platen met daartussen een alumi-
nium honingraat structuur, zorgt voor ca. 50% van het totale paneelgewicht. Om
deze drager te kunnen vervangen door een lichter (flexibel) alternatief is ook een
buigbare vervanger voor het beschermglas noodzakelijk. Hoofdstuk 4 beschrijft de
zoektocht naar geschikte flexibele alternatieven voor de breekbare beschermgla-
zen die worden toegepast in conventionele III-V multi-junctie zonnecellen voor de
ruimtevaart. Het onderzoek toont aan dat methyltrimethoxysilaan (MTMS) ge-
baseerde siloxanen (MBS) een geschikte categorie kandidaat materialen zijn, maar
dat verder onderzoek en aanpassing van het synthese proces nodig is voordat het
materiaal echt kan worden toegepast in ruimtevaartzonnepanelen.
Een tweede uitdaging is het feit dat het dunne film zonnecelontwerp dat in
de loop der jaren ontwikkeld is aan de Radboud Universiteit gebruik maakt van
een koperfolie als stabiliserende drager voor de dunne film tijdens en na het ELO
proces. Koper heeft als voordelen dat het relatief goedkoop is (in vergelijking met
bijvoorbeeld goud of zilver), niet wordt aangetast door de chemicalie¨n die worden
gebruikt tijdens de productie van de zonnecel en dat het makkelijk aangebracht
kan worden met verscheidene fysische en chemische depositietechnieken. Van ko-
per is echter ook bekend dat het snel diffundeert in diverse halfgeleider materialen
(waaronder de III-V halfgeleider GaAs) en daar de elektrische eigenschappen van
het materiaal be¨ınvloedt. De temperatuurschommelingen (met name de verhoogde
maximumtemperatuur van 70-100◦C) in de ruimte zouden het diffusieproces kun-
nen versnellen en daarmee de levensduur van de zonnecellen in de ruimte nadelig
kunnen be¨ınvloeden.
In de hoofdstukken 5 en 6 wordt onderzoek beschreven dat gebruik maakt van
een substraat-gebaseerd modelsysteem in combinatie met versnelde verouderings-
testen (accelerated life-time testing, ALT) om koperdiffusie in galliumarsenide zon-
necellen te bestuderen. Na versnelde verouderingstesten bij temperaturen ≥ 300◦C
vertonen cellen met een goud/koper voorcontact met hoge bedekkingsgraad een
significante daling in de open-klemspanning (Voc) terwijl slechts kleine dalingen
(1-2%) worden waargenomen bij cellen met volledige goud voorcontacten. Deze
daling kan verklaard worden door een toename in niet stralende recombinatie via
energieniveaus in de verboden zone van de halfgeleider die worden ge¨ıtroduceerd
als gevolg van koperdiffusie. De mate van degradatie blijkt afhankelijk te zijn
van het zonnecelontwerp. Cellen waarin de p-n overgang relatief ver verwijderd
is van het koper, vertonen aanmerkelijk minder degradatie dan cellen waarin deze
afstand klein(er) is. Daarnaast blijkt een hoog doteringsniveau in de contactlaag
die grenst aan het goud/koper contact tot versnelde degradatie van de zonnecel te
leiden. Verder is in deze studies aangetoond dat de dikte van zowel de goud als
de koperlaag in het voorcontact de degradatie van de zonnecel be¨ınvloedt, maar
dat blootstelling aan elektronenstraling geen significant effect heeft op het diffusie
proces.
Hoofdstuk 7 beschrijft verder onderzoek naar de (koper gerelateerde) degra-
datieprocessen die plaatsvinden in galliumarsenide zonnecellen. Er zijn twee ver-
schillende degradatieprocessen gevonden voor versnelde verouderingstesten bij lage
en bij hoge temperaturen. Bij relatief lage temperaturen (< 250◦C) mengen het
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goud en het koper langzaam totdat het koper het goud/galliumarsenide interac-
tievlak bereikt waarna er rekristallisatie van de metalen en het galliumarsenide
kan plaatsvinden. Dit proces verloopt zo traag dat het nauwelijks invloed heeft
op de elektrische eigenschappen van de zonnecel en zelfs na 55 dagen op 200◦C
(vergelijkbaar met 15 jaar op 100◦C) is er nauwelijks interactie tussen de metalen
en het galliumarsenide waar te nemen. Bij hogere testtemperaturen (≥ 250◦C)
wordt het interactievlak tussen goud en galliumarsenide instabiel. Hierdoor kun-
nen het mengen van goud en koper en rekristallisatie van het galliumarsenide met
het goud en het koper gelijktijdig en direct aanvangen. De nieuwgevormde galli-
umarsenide/goud/koper laag bevat korrelgrenzen waarlangs het koper snel de ac-
tieve zonnecel structuur in kan diffunderen. In de zonnecel introduceert het koper
energieniveaus in de verboden zone die zorgen voor een verhoogde niet stralende
recombinatie en daardoor een verlaging in Voc.
Hoofdstukken 8 en 9 beschrijven studies waarin enkele metalen (titanium, nik-
kel, palladium en platina) worden getest als barrie`re om het mengen van het goud
en het koper in het zonnecelcontact te voorkomen/vertragen. Uit de geteste mate-
rialen laat nikkel de meest veelbelovende resultaten zien: bij een testtemperatuur
van 250◦C vertonen de cellen met 10 en 100 nm dikke nikkel barrie`res aanzienlijk
minder degradatie, de cellen met 10 nm vertonen zelfs nagenoeg geen degradatie.
Verder onderzoek laat zien dat nikkel niet werkt als een klassieke diffusiebarrie`re,
maar meer als een ’interactie’barrie`re die de interacties aan de contact interac-
tievlakken verandert. Ook in de cellen met nikkel barrie`res blijken meng- en re-
kristallisatie processen op te treden wat nadelig is voor toepassing in dunne film
zonnecellen, voor toepassing in substraat cellen zijn nikkel barrie`res mogelijk wel
geschikt.
In hoofdstuk 10 wordt een onderzoek naar degradatie van dunne film zonnecel-
len bij een testtemperatuur van 200◦C beschreven. Bij deze temperatuur vertonen
substraat-gebaseerde cellen met zowel goud als goud/koper contacten nauwelijks
elektrische degradatie (minder dan 3% afname in rendement η) na 37 dagen op
200◦C (vergelijkbaar met 10 jaar op 100◦C). Dit suggereert dat het gebruik van
koper in een III-V zonnecel op zich geen probleem hoeft te zijn voor de lange
termijn werking van de zonnecel. De kleine afname in rendement (∼ 10%) die
dunne film zonnecellen op een goud drager vertonen na 37 dagen op 200◦C laat
zien dat er een duidelijke potentie is voor dunne film III-V zonnecellen in ruim-
tevaarttoepassingen. Helaas vertonen de dunne film zonnecellen op een koper
drager sterke degradatie (rendementsverliezen die typisch groter zijn dan 60% na
37 dagen op 200◦C) wat aantoont dat het dragermateriaal het degradatieproces
be¨ınvloedt. Er zijn op zijn minst twee factoren die bijdragen aan het degrada-
tieproces: thermisch ge¨ınduceerde spanning en koper diffusie. Deze twee factoren
kunnen elkaar be¨ınvloeden aangezien het diffusieproces versneld kan worden door
thermisch ge¨ınduceerde defecten (zoals microbreuken en kristaldefecten).
Het onderzoek dat wordt beschreven in dit proefschrift laat zien dat dunne film
III-V zonnecellen potentie hebben voor toepassing in zonnepanelen voor de ruim-
tevaart, maar dat er verder onderzoek nodig is naar de interactie tussen de koper
drager, goud spiegel en actieve zonnecelstructuur. Hiervoor is een gestandaardi-
seerde zonnecelstructuur nodig waarin verschillende materiaaleigenschappen onaf-
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hankelijk van elkaar kunnen worden bestudeerd. Met een geoptimaliseerde struc-
tuur kunnen vervolgens versnelde verouderingstesten worden uitgevoerd bij lagere
temperaturen (≤ 175◦C). Dit zorgt ervoor dat degradatieprocessen die alleen bij
hoge temperatuur plaatsvinden worden uitgesloten. Daarnaast is het bij lagere
temperaturen mogelijk om cellen te bevestigen op bijvoorbeeld een glasplaatje of
plastic folie, een situatie die vergelijkbaar is met de uiteindelijke situatie in de
ruimte. Naast verder onderzoek naar de degradatieprocessen zal er ook gezocht
moeten worden naar barrie`res die het mengen van goud en koper voorkomen of
vertragen, zoals bijvoorbeeld metalen met een hoogsmeltpunt of metaal-nitrides.
Een andere optie om de koper gerelateerde degradatie te voorkomen is het vervan-
gen van koper door een alternatief dragermateriaal, hiervoor lijken zilver, nikkel
en kapton (de meest) geschikte kandidaten.
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